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La maturation lymphocytaire B est sous le contrôle des éléments cis-régulateurs des gènes 
d’Ig. Les quatre activateurs transcriptionnels (hs3a, hs1,2, hs3b et hs4) de la région régulatrice 
en 3’ du locus IgH (3’RR) murin sont les éléments clés pour les hypermutations somatiques 
(SHM) et les recombinaisons isotypiques (CSR). La 3’RR stimule aussi la transcription d’Ig au 
stade mature du développement B. La 3’RR, en association avec un oncogène, est un 
dérégulateur puissant conduisant au développement de lymphomes B. Actuellement rien n’est 
connu sur le rôle de la 3’RR lors de réactions immunes et/ou inflammatoires. Durant ma thèse, 
nous avons étudié l’impact de la délétion de la 3’RR sur le développement d’une réaction 
inflammatoire en réponse au pristane chez les souris BALB/c. Ces études nous ont permis de 
montrer que l’absence de la 3’RR ne perturbe pas l’apparition d’une réaction inflammatoire 
(cinétique de l’ascite, volume, cellularité, recrutement en cellules inflammatoires et leur 
capacité à produire des cytokines inflammatoires et anti-inflammatoires). Ceci suggère la 
présence de lymphocytes B physiologiquement aptes à induire/propager/maintenir une réaction 
inflammatoire et immune robuste et efficiente en absence d’une 3’RR fonctionnelle.  Après 
avoir étudié le rôle de la délétion de la 3’RR dans un contexte inflammatoire, nous avons 
analysé son rôle dans un contexte de lymphomagenèse. Pour cela nous avons mis l’absence de 
la 3’RR dans un fond génétique murin apte à développer des lymphomes B matures (souris Igλ-
Myc). On observe un changement important dans le phénotype des lymphomes B en absence 
de la 3’RR avec un plus grand nombre de lymphomes B immatures, une baisse du nombre de 
lymphomes B matures CD43+ et une augmentation de lymphomes B CD5+. Le rôle de la 3’RR 
dans la survenue de mutations aux stades B matures durant la SHM et la CSR est suggéré pour 
expliquer ces résultats. En conclusion, le ciblage pharmacologique de la 3’RR pour bloquer son 
effet pro-oncogènique transcriptionnel sur un oncogène transloqué au locus IgH pourrait se 
révéler une approche prometteuse pour le traitement de certains lymphomes B matures 
humains.�
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���� L’organisation des loci des gènes des Ig de souris���������������������������������������������������� �
���� ������������������������������������������������������������������������������������������������������������� �
������ ������������la chaîne légère κ����������������������������������������������������������������������� �






����� �����������������������������������������������������ante de l’antigène)����������� �
����� La phase tardive de la lymphopoïèse B (phase dépendante de l’antigène) chez la 
���������
����� ������������������������������������������������������������������������������������������������������� �
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����� �������������������������������������������������������������������������������������������������������������� �
��� ���������������������������������������������������������������������������������������������� ��
��� Les modifications géniques des loci d’Ig lors de la lymphopoïèse B���������������������������� ��
��� ���� ����������������������������������������������������������������������������������������� ��
����������������������������������������������������������������������������������������������������������������������� ��
���������������������������������������������������������������������������������
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2.2. Les facteurs influençant l’apparition d’une réaction inflammatoire en réponse au 
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���������: Représentation schématique des loci des chaînes légères d’Ig chez la souris.������������ �
������������������������������������������������������������������������������������������������������������� �





de l’hypermutation somatiquedes gènes de la chaîne lourde des Ig d��������������������������� ��
���������:Exemples d’altérations chromosomiques de gènes régulateurs du cycle cellulaire et 




����3’RR et Eµ�3’RR.������������������������������������������������������������������������������������������������������ ��
����������: Représentation schématique de la fenêtre d’activation transcriptionnelle de la  
3’RR lors de la maturation B.�������������������������������������������������������������������������������������������� ��
����������: Modèles murins KO affectant la 3’RR.������������������������������������������������������������������� ��
���������������������������������������� �����������������» de la 3’RR au locus du gène c�
���������������������������������������������������������������������������������������������������������������������������������������� ��
����������: Schéma non à l’échelle du modèle «������������� ������������������� ����������� ��
����������: Schéma non à l’échelle du transgène c�����3’RR.������������������������������������������������ ��
���������������������������������������������������������������������������������������������������� ��
���������������������������������������������������������������������������������������������
une mauvaise réparation des cassures d’ADN.������������������������������������������������������������������ ��
����������������������������������myc est un événement de l’initiation et de la progression de 
la tumeur dans les néoplasies des lymphocytes B chez l’homme et�������������������������� ��































envahissent l’organisme �������� ����������� ������������� �������aires etc…) et ��� ����������
��������� ������������� ������������ ������������ �� ��� ���������� ��� ��������� ������ �������� ����
réalisée par deux mécanismes appelés l’immunité naturelle et l’immunité a�����������
L’immunité nat������� �������������������������� ���������������� ����������������������������
���� ����������� ���������� ���� ����������� par l’activation du système du complément, des 
��������������������������������� ������������������������������������������������� �����������
��������������������������������������������������(LGL). L’immunité adaptative, au contraire, 
ajoute à l’immunité naturelle des propriétés de reconnaissance moléculaire et de mémoire qui 
amplifient considérablement la capacité de l’organisme à� s’adapter �� ���� ���������������
L’immunité adaptative repose��������������������������������� ���� ���������������������������
������������������������������������������������������������������ ��������������������������������
����������� ��� ��� �������� ������������ ��������� ���� ������� ���� ��� ����������� �������������




����������������������������������������������������������’immunité humorale spécifique. Elles 
���������������������������������������������������������������������������������������������
d’un antigène, et une partie effectrice permettant que cette reconnaissance soit suivie d’effets 
���������������������������. Ces molécules de l’immunité spécifique sont produites sous forme 
���������������������������������������������������������������������������������������������
�������� ���� ������������ �� ����� ����� �� ����� ����������� ���� ��� ����� ���� ��������������
������������ d’environ 150KD, en forme de lettre Y. Elles sont exprimées à la surface des 
������������ �� ��� ���������� ���� ���� ������������� ���� ��� ����� ���������� ��� ������� ��������
������������������������������������������������������������������������������������������������




��������� ��� �������� ��������������� les deux types de chaînes légères peuvent s’associer à 
chacune des cinq classes de chaînes lourdes (µ, δ, γ, ε et α) qui d������������������������������
IgM, IgD, IgG, IgA et IgE. Chaque isotype d’Ig comprend un site de reconnaissance spécifique 
de l’antigène qui est la combinaison des domaines variables des chaînes lourdes (V��������������
����� ���������� ������������� ���������� (C) des chaînes lourdes confèrent à l’Ig sa propriété 
����������������������������������������������������������������������������������������������
��������������������������������La synthèse d’Ig est assurée par trois complexes génétiques���
les loci Igκ (chromosome 6 chez la souris, 2 chez l’homme) et Igλ (chromosome 16 chez la 
������������hez l’homme) qui codent les ����������������������������������������������������








����L’organisation des loci des gènes des Ig ����������
�������������������������������������������������������������������������������������������
l’homme comme chez la souris, sont situés sur 3 chromosomes différents et caracté�������������
�������������������������������������������������Igκ����Igλ������������������������������������





������ Le locus de la chaîne légère κ�����������
Ce locus est localisé sur le chromosome 6. Il comporte 174 segments de variabilité Vκ (dont 49 
à 96 sont fonctionnels) et 5 segments Jκ (dont 4 sont fonctionnels). Ces segments codent po���
la rιgion variable�����������ne κ. La région constante de la chaîne κ est codée par un seul segment 
Cκ �������������
������ Le locus de la chaîne légère λ�����������
Il est situé sur le chromosome 16. Il possède 3 segments Vλ�et 5 segments Jλ (dont 3 sont 
�������������� ��� �� ���������Cλ (dont 2 à 3 sont fonctionnels). Les segments Jλ et Cλ sont 
���������� ��� �� ��������� : Jλ2�Cλ2�Jλ4�Cλ4 (Jλ4 et Cλ4 étant défectifs) et Jλ3�Cλ3�Jλ1�Cλ1 
précédés de Vλ2�Vλ3�Vλ1��������������������������������������������������������������
légère λ contre 95% exprimant κ. Ce ratio est différent de celui de l’homme (2/3 ������������
�
�
�����������Représentation schématique des loci des chaînes légères d’Ig chez la souri���
��������������������������������������������������������������������������������������������������������������������
����������������������������������Le locus Igκ est situé sur le chromosome 6. Un seul segment constant Cκ code 
�������������������������de la chaîne κ. La�région variable de la chaîne κ est codée par les segments Vκ et Jκ. ���









���������������������������������������������������������������ome 12 et s’étend sur environ 2,2 
mégabases. En 5’ �������������������������������������������������������������������������������
��������������������’est l’association d’un V, d’un D et d’un J qui va former la ré��������������
de la chaîne lourde. En 3’ �������������se trouve les gènes constants (Cµ, Cδ, Cγ3, Cγ1, Cγ2b, 
Cγ2a, Cε et Cα). Ces derniers��à l’exception de Cδ����������������������������������������������
���� ��� ������ ���� ������ ����� �������� ����������� �� �������� ����������� ���� ��������� ����
�������������������ion d’attachement à la matrice «����������������������������� �������������
sites d’hypersensibilité à la DNase (hs) qui corrèlent avec des activateurs transcriptionnels ou 
��������������������������������������������������������������
��� �������sites hs situés en 5’ ����������������������������(5’ hs1, 2, 3a, 3b) �������������
�������������
��� �����������������������������������������������������������������génique qui s’étend sur 
��������������������������������������������������
��� �����������������������������������������������������
��� L’élément Eµ situé entre J����������������� �����������������������������
��� La région régulatrice 3’RR situées en aval de Cα ������������������������������������
���������������������������d’hypersensibilité à la DNase (hs5, 6, 7) possé������������������
��������������situés en aval de la 3’RR��������������������������������������������������
�
�������������������������������������������������������������������
��� ���� ������ ���� ��� ����������� ���� ��� ���������� ����� ��� ���� ������������� ���� ���������� ��� ����������� ��� ���






L’homme et la souris ont tous les deux environ 70 ml de sang par Kg de poids corporel. Leur 
���������������������� ��������������������������������������������������������������������
������ ��� ��������� ��������� ������������ ������� ����� ��� ������ ���� ����� ���� ������������
�������������������������������������������������: plus de neutrophiles chez l’homme (34������
��������������������������������������������������������������������75%) que chez l’homme 
����53%), plus de monocytes chez l’homme (5������ ���� ����� ��� ������� �������� ��� �����








��������������������������schématique d’un lymphocyte B.�










�Les lymphocytes sont caractérisés, à la différence des autres cellules de l’organisme, par une 
��������������������������������������������������������������������������������������������������
����������������������������������������������������������������������l’antigène�������������
���� �������� �� ���� ����������� ���� ������������ �������� ���� ���� ���������� ��� ���� �������
l’adaptation de la� réponse immunitaire spécifique aux stimulations de l’organisme p���
l’environn������ ������������� L’identification des sous populations à chaque stade de 
����������������������������
��� L’expression de diverses molécules de surface.�
��� L’état de réarrangement des gènes des chaînes lourdes et légères d’Ig.�
��� L’expression de récepteur (pré��������������������������������
����La phase précoce de la lymphopoïèse B (phase indépendante de l’antigène)�
������������������������������� ��������������� ���������������������������������������������������
�� ������������� ������������ ������������������������ ������� ������� ������������������� ����
���������������������������������������������������������������������������������������������������
��qui expriment une chaîne µ cytoplasmique et un substitut d’IgM membranaire avec une 
���������������������B et λ5) et les cellules ���������������������������������� �������������
����������������������������������������������������������������������������������������������
���������������������������������������������������mais n’exprime pas encore le CD19. ���
�������� ���������� ��� ������������ ��� �������� ������ ������������������ ��� �������� ������
���������������������������������������������������������������������������������������������
fonctionnelle qui s’associe ����� ���� �������������� légère et l’hétéromère Igα/Igβ pour 
�����������������������������������������������������������������������������������������������������
�����������������������������������������������������������������expriment ensuite une chaîne μ 
����������������� ������������ ���� ����� ���� �������� �������������������� �����������������������
s’associer à la chaîne lourde avec pour conséquence l’expression d’un BCR �����������������
��������: c’est le stade ����������. L’expression d’un���������������������������������������






����� ��� �������������� �������������� ��� ���� ��������� ��������� ��������� ��� �������� ���
�������������� ��� ��� ���������������� ���� ������������� �� ���� ��� ��������� ��� ��������� ���������
����������� ��� ����������) et l’expression de molécules d’adhérence indispensables à 
l’initiation des voies des signalisations ��������������������������
�
����La phase tardive de la lymphopoïèse B (phase dépendante de l’antigène)������
����������
La phase tardive de la lymphopoïèse B �� ����� ����� ���� �������� ������������ ���� ��������
����������������������������������������������������������������������������������������������La 
phase tardive �������� �� ��� ���������� ���� ��������� ����������s d’anticorps et des cellules B 
��������� �������� ���. Elle nécessite un signal activateur délivré par l’antigène grâce à 
l’interaction d’un lymphocyte TCD4���������������������������������������������������������












��������������������������es B immatures. Elles ont une forte expression d’IgM membranaire et 








- ���� ���������� �� ��� ���� ������������ ����������� �������������� ����� ��� ��������� ����
���������������������������������������������������������������������������������������





��� ����ontre avec l’antigène déclenche une réponse T������������ ��� ������� ���� ��������� ��
���������������������� ����������������������������������������������������������������������������
���������������� �������������������������� ���������������������������������������������������
������������������������������������������������������������� �� ������������ ���������������������
���������������������������
-� ����������������������������������������������������������������������������������������
����������������������ffectrices de la réponse humorale contre l’antigène).  �
-� ���������������������������������������������� �����������������������������������������
�������������������������� ����������
�������������dépendante, après la rencontre avec l’antigène et la migration ���������������
��������� ����� ��� ���������� ��������� ��� ������ ��������� ���� ���������� ��������� ��������� ���





l’hypermu������� ���������� ��� ��� ��� ������������ ������������ ��� ��� ���������� ��������� ���
négative, et de l’induction de la différenciation des cellules B en plasmocytes ou en cellules 
�� �����������������������������������������������
�� ������������������������������e d’une prolifération massive des centroblastes qui sont la 
cible de l’hypermutation somatique.�
���
�
�� ���� ����� ������� ��� ��� ����������� ���� ������������ ���� ����� ��� ������ ��� ��� ������������
������������
��� ���������������� lymphocytaire B s’accompagne de modificati�������������������� ���
changement dans l’expression de molécules membranaires, d’une diminution progressive 






����� ��� ������� ������������ ���� ��������� �� ������� �������������� ����� ���� ��������� �� ��� ���� ��������� �������������
��������������������������������������������������������������������������������������������������������������������







L’expression de marqueurs intracellulaires et membranaires� �������� ��� ���� ���� ����
caractéristiques du développement B. D’après la classification de Rolink/Melchers �����������
������������������������������������������������������������������������������������������������
����������������������������������������������������� ����������� �������������������������
��������������������������������������������������B perdent l’expression du CD117���������������
������������������������ ������������������������������������������ ��������� ��������������
������������������������������������������ l’hétérodimère Igα/Igβ�������������������������
����������������������������������������������������������������������������������������������
�� ��� ������������ ����� ��� ������ ��� ��� ����� ������ ���� ������������ ������� ������ ���
�������������������������������������������������������������������������������������������������
�������������������������������������������������µ et deux chaînes légères κ ou λ associées 
aux molécules de transduction de signal Igα et Igβ). La cellule, à ce stade, est appelée «���
��������������������������������������������������������������������������������������������
��������������������������������������������������������������������� �������������������������
�� exprimer l’IgD.� ���� ��������� ��� ����� ��� ���� ��� ���������� ���������������������������
Lorsqu’elles sont soumise�� �� ���� ���������� ���������� ������ ����������� ���� ��������� ��� ���
�������������������������������������������������������������������������������������������������
��������������������������������������������������������������������������������������������
���������������������������. Ce sont des cellules présentatrices d’antigènes per�����������
Elles acquièrent un phénotype différent selon la structure histologique qu’elles colonisent. Elles 
���������������������������������������������������������������������������� �������������������



















L’expression de chaque marqueur dans les ������������������������������������������������������������
�
��� ���� �������������������������������d’Ig lors de la lymphopoïèse B�




s’agit de la formation d’un segment V(D)J codant la région variable de chaîne lourde. Ce 
���������������respond à l’aboutage aléatoire d’un segment V������������������������ ��������
��������������������������������������������������������e et exprimée sous la forme d’un ����
�����������������������������������������������������������������������������������������
et λ5 �����������������������et avec les molécules de transduction du signal Igα et Igβ. Puis des 
��������������� ��� ��� ��� sont effectuées sur le locus des chaînes légères d’Ig. Ces 
���
�
réarrangements s’effectuent tout d’abord sur les allèles des gènes des chaînes légères κ puis sur 
ceux des chaînes légères λ si les réarrangements κ ne sont pas fonctionnels. La chaîne légè���
����������������������������������������������������������������������������������������������
�������������������������������������������������������������
�������� ������������BCR associée aux molécules Igα et Igβ est exprimée à la surface de la 
����������������que les réarrangements des chaînes lourdes n’autorisent l’expression que d’un 
��������������
��� ���� ��������������������������������������������������������
���� ������ ���� ��� ����� �������� ����� ����������� �������� ������ ���� ��������������� ��� ����
������������� géniques. Ces événements se font d’abord dans les régions variables 
����������������������������������������������������������������������������������
�������������������������������
���� ��������������� ����� ����������������� ���� ������� ��������� ��� �������������� ��� ����
�������������������� ����������������������������������������������������������� �������������
�������������������������������������������������������������������������������������������
������ ���� ��������� ���� ������ ������ ��� ������ ������ �������������� ����������� ������
���������� ��� ����� ������� ������ ��� ������ �������������� ���� �������� ��� ��������������
�����mère et nanomère situés en 3’ des gènes V, en 5’ des segments J et de part et d’autre des 
��������� ��� ���� ������� ����������� ������ ������������ ��������� ��� ��������� ������
������������ ��������������������������������������������������� �����������������������
�������������������������������������������������������������������������������������������
����������� ����������� ����� �� ����������� ������� C’est à ces sites que s’effectuent les 
���������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������
�������������������������������������������de l’ADN�; deuxièmement, l’aboutage des segments 
��� ��� �������������� ��� ���������������������������������������������������������������������
d’autres complexes protéiques interviennent dans la génération des coupures de l’ADN.� ���
����������� ���� ��������� �ouble brin de l’ADN se fait par la voie du Non Homolo���������
�������� �������� ������ ����� ��� ����������� ����� ����������� ���������� ��������� ����������� �����






�������������� ���������� ��� ������� ��� ��� ��������� �������� ������� ��� ���������� ��� �����������




�����������on) et l’hypermutation somatique (SHM)�
���� ����������� ����� ����������������� ���� ������� ��������� ��� �������������� ��� ����
����������������� ������������ ����������� ��� ������ ���� ��� ����� �������� et d’augmenter leur 
spécificité antigénique. L’enzyme clef de ces recombinaisons secondair������� ���������������
���������������������������������������������������������������������������������������������
����������� ���������������������� � ������������ ������ �����������Le rôle d’AID ����
confirmé dans le syndrome d’hyper IgM chez des patients portant une mu���������������������
�����������������Ce syndrome est caractérisé par un taux élevé d’IgM, une altération de la 
�������������������������������������������������������������������. La délétion d’AID, chez 
la souris, n’altère pas le développement B mais ent������������������������������� �������
���������������������������
�������Point du vu mécanistique sur le rôle d’AID�
���� ������������������������������������������������������������� ������������������������
���������
-� La déamination de l’ADN après ������������d’AID ���������������
-� ������������������������������������������������
��������� ���� ���� ���������� ����� ��� ������ un mésappariement de l’ADN en déaminant une 
cytosine (dC) en uracile (dU). L’apparition d’un dU au sein de la molécule d’ADN engendre�
��� ��������������� ���dG. L’élimination de ce mésappariement peut être effectuée selon 
��������������������������������������������������������������������������������������������









C’est une recombinaison spécifique de régions particulières de l’ADN appelées les régions 
��������������� ��� ������������������������������������������������������������������������������
��������������������permet de remplacer le gène Cµ (gène de la région constante de l’IgM 
���������������������������������������������� �������������� ��en aval (γ, ε ou α) ����������
et donc permet à la cellule B d’exprimer à sa surface un BCR d’un autre isotype qu’IgM��������






������������������������������ue lors des réactions d’hypersensibilité�. En absence de l’Ag������
mastocytes et les basophiles exprimant des récepteurs à haute affinité pour IgE (FcεRI) peuvent 
se lier aux IgE monomériques. L’agrégation de complexe IgE�FcεR, par un Ag spécifique, 
������ne la sécrétion d’histamine responsable de l’hypersensibilité.�
��������������������������
��� ���s’effe����������������������������������������������������������������������������� ���
����������sont localisées en 5’ de chaque gène constant codant de la chaîne lourde à l’exception 
jusqu’à très récemment de Cδ� ������ ��������� ���� �������� �� ����� ������������ ��� ����������
��������������������������������������������������������������������������������������������������
�����������: Sµ, Sα et Sε composées de �������������������ques alors que Sγ1, Sγ2a, Sγ2b ���
Sγ3 contiennent des motifs répétés de 49à 52 paires de bases.������������������������������������







moyenne est d’environ 1 pou������������� ��������������������� ������������������ ���� ��������
variables des chaînes H et L d’Ig� ��������������������������������������������������������
��������
-� Les transitions qui sont le changement d’une base pyrimidine par une autre pyrimidine 
ou d’une��������������������������������������������������
-� Les transversions qui sont le changement d’une base pyrimidine par une purine.�
���� ��������������������������� ������������������������������������������������L’ADN peut 
����� ��������� ����� ����� ������� ��� �ien l’ADN contenant le mésappariement est reconnu par 
l’enzyme UNG (Uracil���glycosylase) et la molécule d’ADN est réparée par les voies BER 
����������������������������� ����������������������������������������������������������
���������������������������ier cas, l’ADN est directement répliqué. L’ADN polymérase ignore 
������������������������������������������������������������������������������������������
��������������������������������������������������������������������������������� ������������
���� ��� �ui aboutit à l’apparition d’un site abasique. Celui���� ���� ����� ��� ������� ���� ���




voie fait intervenir l’hétérodimère MSH2/MSH6 (MutS Homolo�������������������������������
��������������������������MLH1 et PMS2 qui permettent l’élimination de l’Uracile en créant 
���� �������� ������� ������ ���� ������������ �������� ��� ������ �������� ����� �������� ��������� ����






������� �� �� ������������� ������������ ���� ��������������� ������� ���� ������������� ��� ������� ��� ���
l’hypermutation����������������������������������������������������������
������������������������������������������������������������������������������������������������������������
������������� ��������������� ���������������������������� �’unité V(D)J. Lors de ����������������������������
changement d’isotype de chaîne lourde se met en place. Des points de mutations dans les régions variables 























���������� �������� ���� ������������������������������������������������������� ��������
��ALT)). D’autres types de lymphomes sont provoqués par un renforcement de l’activité 
�������������� ���� �������� ��� ������������������ d’oncogènes régulateurs du cycle cellulaire. 
C’est le cas des translocations affectant le gène BCL6 lors des lymphomes à gra����������������
����������������������������������������������������������������������������������������
������������� ������������������������������������������������������������������������






l’apoptose lors des lymphomes B��







����� ���� �������� ������������ ���� ������������� ����cipalement par l’action d’AID (Activation�
�������� ��������� ����������� ���� ������� ����� ����������� ����������� ����������� ����� ��� ���
������������������������������� �� ���������� ������������������������������������������� ���
����������iable des Ig. Ces mutations ont pour but d’augmenter l’affi���������������������������
La CSR change l’isotype de la chaî��� ������� ����� ����� ����� ���� ��� ������ ������� ����
������������������������������������� ��� �������� ������������������������������������������
��������������������������������������������������������������������������������������������
����������������������������������������������������������������� �����������������������������
�������������������������s cassures doubles brins d’ADN ��������������������������������
cassures d’ADN sont réparées de façon aberrante, des translocations� ���������������� ����
���������������� ���� ����������� ���� ������������ �������� ����� ������������ ��� ��������� ����
����������������������������������������������������������
�����Translocations chromosomiques oncogéniques et l’émergence de lymphome�
��������������������������������������������������������������������������������������������
lymphomagenèse B. Ces processus ont pour origine l’instabilité génomique provoquée par le��
��������������������������������������������������������������������������������������������
������������������������������loci d’Ig. Dans la plupart des cas l’oncogène transloqué passe 
���������������������������������������������������������������������locus d’Ig.�
�����L’origine des cassures d’ADN dans les loci d’Ig��
Les translocations chromosomiques nécessitent des cassures doubles brins de l’ADN dans les 






��� ��� ������ ��� �������� ����� ���� ����������� ��� ��� ��� ���� ��� �� ���� ������� ����� ��� ���
����������������������������������������������������������������������������������
������������������������������������������������������������ ��������



























La transcription des gènes d’Ig est sous le contrôle de séquence��������������������������������
et les activateurs de transcription. Les promoteurs situés en 5’ du site d’initiation de 
����������������������� ���������� ����������������� �������������������������� ��� ������������
l’ARN polymérase II. Les séquences activatrices appelées «���������������������������������




L’élément activateur E��est constitué d’un «����������������������������������������������������
régions d’attachement à la matrice (MARs)����� �est localisé en 5’ du� ������ ����������������
l’intron entre le segment J���������������������������������������������������������������������
����������������� ��� �������� ��� ������ ��������� ���� ��������� ���� ������� ��������� ���
�������������� ��L’élément E������������������������������ �����������������������������������
�������������. Le rôle d’E��������������������������� �������������������������������������������
������������������������������������ �������������������������������������������������������
myc dans la lignée lymphocytaire B et de générer l’apparition de lymphomes immatures�
����������������������
���La région régulatrice 3’RR de locus d’IgH��
����������������������chez l’homme comme chez la souris, des translocations chromosomiques 
de l’oncogène c�myc au locus IgH qui n’intégraient pas l’élément Eµ mais qui cependant 
entraînaient une forte expression de l’oncogène ��������������� �������������� ����������������
laissaient soupçonner l’existence� d’autres éléments régulateurs pouvant induire la 
surexpression de l’oncogène. De plus, une diminution de la transcription du locus IgH avait été 
observée lors de l’analyse d’un myélome de souris présentant une délétion�d’environ 4kb en 




aval de Cα. Ceci suggérait l’existence d’une région en 3’ de locus IgH contenant des éléments 
���������������������������� ����������������
�����Structure unique de la 3’RR��
La 3’RR ���������������������������������������������������������es B. Elle est l’élément clef 
����� ���� ���� �������� ��� ����� ������ ��� ��� ��� ���� ���������������� ��� ����� �������� ����
������������» de la 3’RR ont été mis en évidence grâce à la technique d’hypersensibilité à� ���
������I. La 3’RR comprend 4 sites�������������������������������������������������������������
��� ������ ��� ����������� ��� la 3’RR ��������� ���� ���� ������ ��������� ��������� �������� ����
�������������������������������������» unique qui s’étend sur 20kb dont le centre est constitué�




sur le chromosome. L’élément hs4 se trouve en aval (et en dehors) de la structure quasi�
��������������� ���� ���������� ��� �������� ����������� ����������������� ��� ��� 3’RR. Ces quatre 
��������������������������������������������������������������������������������������������������
�������������������������������������������������������������������� ��������������������������������
����������� ������ �� ��� ��������� ��� ��������� ������ ��� �������� ����� ����� ���������������
����������������������������� ��������������������������������������������������������������������
�����������������������������������������������������Ainsi l’insertion d’une cassette �����������
hs4 et hs5 n’a pas de conséquence sur la transcription du locus IgH. ����������������������
�e qui caractérise le locus IgH chez l’homme est la duplication des gènes γ, ε et α qui définit�
deux ensembles en tandem : γ3, γ1, ψε et α1 d’une part et ψγ, γ2, γ4, ε et α2�d’autre part.� ������
ensemble, en aval du gène Cα, possède une région régulatrice homologue à la 3’RR de la souris. 
Le locus humain ne contient pas d’activateur équivalent�à hs3b murin. Chaque région 3’RR 
chez l’homme contient 3 activateurs ��������������������������������������������������������





�����Rôle de la 3’RR lors du développement B normal�
�������La 3’RR est une région B spécifique�dont l’activation va du stade pré������
�������� ������
L’élément Eµ n’est pas totalement B spécifique. �� s’exprime également dans les cellules T 
���������������������������������������������������������������� ������������ ���������la 3’RR����
��������������������������������������������������������������������� ���3’RR�� ���������������
��� ���������������������������������������������������������������������������elle de la 3’RR 
�����������������������������������������������������������������������������������de la 3’RR. 
L’analyse ���������������3’RR ���������������������������������������������������������
���������� ���������������������������������������� � ���������������� �������������������
���������������������������������. L’ajout de Eµ dans le transgène GFP�3’RR (��������������
3’RR) montre son expression dès le stade pro��� ����������������������� �������������� �����
������������������������GFP s’exprime précocement aux stades pro��������������������������
�
�









������������Représentation schématique de la fenêtre d’activation transcriptionnelle de la  3’RR lors de la ��������������
�e stade d’activation du transgène est présenté par une flèche double.�
�
�
2.2.2. La 3’RR orchestre l’expression d��������������������������������
���� ��������� ����������� ��� �������� ��������� ���������) de la 3’RR avec les modèles 
������������������ �������������������������������������������������������������������������������
la 3’RR ����� ���� ������� ����uctrice d’IgA a montré une diminution importante de sa 
�������������������������������������������� ���������������� ��������������������d’une ���������
de la 3’RR ou du remplacement d’éléments de la 3’RR �����������������������������������������
�������������������������������������������������������������������������������������������
����������������������������2 ou hs3b n’affecte pas l’expression des Ig ����������������������
������ ��� ����� �����. La délétion de l’élément hs4 baisse légèrement l’expression des IgM 
�����������������������������������������������������������������������������������������������
hs3b ou hs4, ne présente pas d’altération significative sur l’expression des autres gènes d’Ig 
�����������������������������������������������������������������������. L’analyse de la double 
���������������������������������������������������������������������������������������������




La délétion de la totalité de la 3’RR accentue le phénotype hs3b/hs4 avec une baisse de la ����
vers tous les isotypes (y compris γ1), une baisse�de la synthèse d’Ig vers tous les isotypes (y 
������������������������������������������������������������������������������������������




������������ �����s murins KO affectant la 3’RR.�
� �




majorité de lymphomes B de l’adulte porte des stigmates de translocations chromosomiques 
���������������������������������������������������������������������������������������������
��������� ��� �������� ��� ������ ����� ��� ��������� ��� ���������� ��� ����� �������� ���� ���
������������������������ ���� ������������������� ������������������� ������������������������
����������������������constitue l’évènement majeur de la transformation cellulaire. Dans le 
lymphome de Burkitt l’élément ��������������� ��� �� ���� ���������� ��� ������� ������ ���





������������������������������������������������������������������������. Donc l’élément 
����régulateur Eµ n’était pas le bon candidat pour la dérégulation d��������������������������
������������������������������������������������������������������������������������������������
�����������������������������������������������������������������������������������������




��� �������������� �������������� �������� ��� ����� ������ ���� ��� ���������� ����������
�������������������������������������������������������(12;15)) et de l’immunocytome chez le 
������������������ ������������������������������������������������������������������������������
��������������els actifs du locus IgH ce qui sera l’élément moteur de la lymphomagenè������
����������������������������������������������������������������������������������������
B et l’apparition d’un lymphome.�
Pour modéliser l’idée�que la 3’RR est capable de déréguler c���������������������������������
������������������������������» ont été réalisées pour insérer la 3’RR en 3’ du c��������������
�������������������������������������������������������������������������������� ��������������
���������������������������������������������������������������������������������������������
������������ ����������������� ��� ������ ��� ������� ���� ���������� ��������������� ��� �����
�������������������������������������������������������������������������
�





��������������������������������elle de Eµ et de la 3’RR mais cette fois par l’inserti��������





������������Schéma non à l’échelle du� �������������������� ������������������� ������




���������������������� ������ �������������������������3’RR) de lymphome de Burkitt ��������
������� ��� ����� ������ était sous le seul contrôle de la 3’RR ����������� ��� ����� ������� ������
������������������������a permis l’expression du transgène ������3’RR ��������������������
���������������������������������������������������������������������������������������������
�����������������������������������������������������������������������������������������







������������Schéma non à l’échelle du�����������������3’RR��
�
����������������������������������������3’RR, l’ajout de mutations supplémentaires dans des 
������ ������������ ��� ������ ����������� ��53, CDK4) modifie la cinétique d’apparition des 
������������������������������������������myc 3’RR/�������������� ��������������������
qui rend cette enzyme insensible à l’inhibition par INK4) développent des lymphomes de type 
�������� ������������������������� ����� ��� ����� ��� �������������� ������� �����������
���������������������������������������������������������myc 3’RR/p��������������������������
�������������������������������������������������������������������������������������������
�������� ������� ���������������������� �������� ��� ����������������� ����� ���� ��������� ���
�������������������myc induit par la 3’RR va coopérer avec soit une CDK4 hyperactive (car 
��������������������������������������������������������������������������������������������������
cellulaire et l’apoptose. Ces études montrent qu’à partir d’un même �� ���� �� �������� ����� ���









��������������������������� ��������������� ��������d’activation, de mort et de prolifération 
�������������������������������������������������������������������������������������������������
���������������� ����������������������������� ������������ ��������������������� ����������������
��������������������������������������������������������������������������������������������
régulant leur expression. L’action des oncogènes peut être consécutive à une translocation 
���������������������������������������������������trice d’un autre gène���������������������
���������������������������������������������������������������������������������������������
B spécifique et un oncogène conduisant à son activation. L’étude des translocations 
������������������������������������������������������������������������������������������
���� ���������� ����� ���� ��������� contrôlent les signaux intracellulaires d’activation, de 
prolifération et d’apoptose. Le séquençage de l’ADN génomique transloqué a permis aussi de 
������������������������������������n’étaient pas situés au hasard d���������������������������
particulièrement dans les sites faisant l’objet de réarrangements de l’ADN au cours de la 





���������������� ����������, l’adhésion cellulaire �������� ���� ��� ��� ������������ ���� ��������� ��
l’apoptose�� Lors de l’apoptose, le gène c����� �������� ��� ����������� ��� ����������� ��
mitochondriale dans le cytoplasme cellulaire via l’activation de molécules pro��������������










��myc affecte positivement la régulation du cycle cellulaire, l’apoptose et le métabolisme et négativement la 




�����������������������������������������������������induit aussi l’activation directe ou 
������������� �������������������������������� �������������������������������������� ����




l’absence de la pr�����������������������������������������������������������
�� L’expression de c������ ����� ��� ��������� ���� ����� ���� ��������� �� ���� ������� ��� ���
�������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������������
���� �������� ������ ��� ���������� ���� ��������� ��uches cancéreuses dotées d’auto�
renouvellement au sein d’une population tumorale ��������������������������������
�� ������possède une activité apoptotique en sensibilisant les cellules à l’apoptose ������
��� ����� ������� ������ l’induit par deux voies� �� soit par l’activation d�� ������ ����









���������������������������������, d’autres altérations sont né�������������������������������������
����apoptotique, l’inactivation de gènes suppresseurs de tumeur comme p��� ��� ���� ������
protéine de Rétinoblastome) ou l’acquisition de la capacité proliférative sans limite. Tout ceci 
�����������������������������������re et l’émergence de tumeurs clonales ������������������������
��� �������������� ��� ������� ����� ����������� ������ ��� ��������� ���� ����������� ����� �������� ���
����������� ��������� ���� ��� ����� ������� ��������������������� �������� ������ ���� ������������
������������� ��� ��myc sont nécessaires à l’émergence de la tumeur� �� ���� ����������
��������������������������������������������������������������������������������������������
et l’augmentation de traduction��������������������������
�������������������������������������us d’IgH�
C’est une translocation� ����������� ����������� �������� ���. C’est l’élément initiateur de la 
������� lors du lymphome de Burkitt chez l’homme (BL), du plasmocytome (PCT) chez la 
souris et de l’immunocytome chez le rat (IC). �
�
�������������������������������������������������������������������������������������������������
mauvaise réparation des cassures d’ADN.�
���������������������������������������� ������������������������������������������������������������������������












����������������������������������myc est un événement de l’initiation et de la progression de la tumeur dans les 
néoplasies des lymphocytes B chez l’homme et chez la souris��









���������������������% des cas) ou des locus Igκ ou Igλ (t(2;8) ou t(8;22), dans 20�����������
��������������� ��� ����� ������ �������� ����� ��� ����� ������� ����� �� �������� » d’activation 
���������������������������������������������������������������������������������������������������
���� ��� ���������� ��� ���� ��������������� ��������������� ���� ����������� ����������� ����� ����
cellules B d’hommes sains et des souris saines. La translocation c�������������������������
�������� ��� �������� �� ���� ���������� ��� ��������� ����� ���� ��������� ����� ��� ��� ��� �����������
������������������������������������������
���������������������������������������myc au locus de la chaîne légère λ (m����������
���������λ�����
��������������������������������������������������������������������������������������������
������ ����������������� ��myc se fait au locus des chaînes légères λ (10%) ou κ (10%). Pour 
�������������������������������������������������������������������������������������������������
dans lesquelles le gène Myc humain (provenant d’une lignée de lymphome de Burkitt) est placé 
���������������������������������������������������������légère λ��������������������������������




������� ��� �� ��������������� ������������ ��� ��� ������������� ��������� ����� ��� ����������� ���� �������
transgéniques Igλ������
���� �������� ������������� ���������� ���� ���x promoteurs P1 et P2 du gène Myc situés dans l’exon non �������
������������ ���������������������������������������� ��� ��������� ������������������ �������������������� ��������









��������� ���� ���������� �� ������ ��������� ����� ����������� ���� ��������� ������������
���������������� ��� ��������� est utilisé aussi pour induire l’apparition de lymphomes de 
phénotype mature chez les rats et les souris et pour la production d’Ig. ��� ��������� ���� ���
adjuvant immunologique très actif dont l’injection intrapé��������� ����� ���� �������������
������� ���� ��������� �������������� ���������� ������� ���������������� �������� ����� ����� ���
�����������������������������������������������������������������������������������������������





















�������� ��� ������� ���������� ����� ���� ������������� ����� ������������ ��� �������������� ���
���������������������������������������������������������������������������������������
������������� ������ ����� ������ ��������������� ��� �������� ��� ���������� ��� ��������� ��
�������������������������������������������������������������������������������������������������
qu’entre les différentes souches de souris BALB/c �������������������������������� �����������
��������������������������������� ������������������������� ��������������������� ����������
���������������MPC alors qu’enviro������������� �����������������������������������
après l’injection de pristane �����������������






















��� ������������Les cellules B induisent l’expression locale de chémoki������������������������
����������������������������������������������������������������������������������������������




������������ant l’expression de cytokines et de chémokines spécifiques ���������������������
�������Rôle de l’IL���
L’inflammation induit une expressi����������������������������������������������������������
�������������������������������������������������������������d’un granulome, le p���������������
�������������������������������������������������������������������������������������������������
�����������������������������������������������������������������������������������������������
comme le TNFα et l’IL����������������L’IL�����������������������ôle clé dans l’inflammation 
���������������L’IL������������������������������������������������������������������������������
�� ������������ ������� L’IL��� ����� ��� ����� �������� ����� ���� �������� �������������� ���
����������������������������������������������������������������������������������������������
�������������������������������������oppement d’un plasmocytome. L’�����������de l’IL���
��������������lors de la formation d’une réaction inflammatoire granulom���������������������
�����������������������������������������������������������������������������������������������
���������� ��� �������mes mésentériques n’est pas ��������� �������������� ���� �����������
���
�
��������Ceci montre que l’IL���������������������������������������������������������������
������� ������ ��� ����� ������� De même chez des souris BALB/c déficientes pour l’IL����
l’apparition de liquide d’ascite en réponse au pristane est retardée par rapport aux souris 
��������������������������������������������������������������������������������������������
ces souris. Ceci montre que l’IL����������������������������������������������������������������
������������������������la surexpression de l’IL�������������������������������������������








��� ��������� ��������� ��� ����������� ��� ���������� ��� ��� ����������� ����� ��� ������� ������������ ����������� ���
����������������������������� ������������������������������������������� �������������������������������������
B et le TNFα sont les facteurs les plus importants dans la formation des granulomes mésentériques et séreux. L’IL�
�������������������������������������������������������������������������������������������� ����������������������





























Elucidation of IgH 3’ region regulatory role during clas�� ������� �������������� ����
�������������������





















Une majorité des lymphomes B de l'adulte porte les stigmates de translocations 
chromosomiques insérant des oncogènes au locus IgH (c-myc lors du Burkitt, cycline D1 lors 
du lymphome du manteau, bcl-2 lors du lymphome folliculaire). La région régulatrice située en 
3’ du locus IgH (3’RR) a été décrite comme un activateur puissant des oncogènes dans les 
lymphomes B. C’est le passage de ces oncogènes sous la dépendance transcriptionnelle de la 
3’RR qui semble être l’élément clef de la lymphomagenèse. Divers modèles murins confortent 
cette hypothèse. Ainsi les souris transgéniques c-myc-3’RR (porteuses ou non de mutations sur 
p53 et Cdk4) développent des lymphomes B matures (������������������������������������������
����). L’insertion d’une «�mini 3’RR�» au locus c-myc conduit également à l’apparition de 
lymphomes B matures (����� ���� ������� ����). Le ciblage pharmacologique de la 3’RR 
pourrait donc se révéler une piste prometteuse pour tenter de diminuer la transcription de 
l’oncogène transloqué. Cependant cela ne pourrait se révéler une approche thérapeutique 
intéressante que si le ciblage pharmacologique de la 3’RR se révèle sans effet notable sur le 
développement de réactions immunes et/ou inflammatoires normales. Si une 3’RR 
fonctionnelle est nécessaire à la CSR (�����������������������������), à la SHM (���������������
����) et à la transcription d’une chaîne � (Saintamand et al., 2015), son rôle lors du 
développement de réactions immunes et/ou inflammatoires n’a jamais été étudié. Dans une 




choix pour l’étude des ���������������������������������������������������������������������������











La délétion de la 3’RR chez des souris BALB/c n’affecte pas le nombre de��������������������
������ ��� ������� osseuse et le sang. L’absence de la 3’RR n’a pas d’effet ���������� ���� ���
������������������������������������������������������������������������������������������������
de la 3’RR n’affecte donc pas quantitativement le développement des diverses sou��������������
��������������� ���������� ������������ ����� ���� ��������������� ���� ���������� �������� ����� ����
���������������
���������������������������6, la délétion totale de la 3’RR chez les souris BALB/c affect��
���������������������������������������������isotypes. Une réduction dramatique des taux d’IgG, 
������������������������������������������������������������������������������������������������
������������������������ �����������de la 3’RR sur le «��������» et la sécrétion d’Ig ne sont pas 
����������������������������������6. Cette donnée n’est pas anecdotique car il a été rapporté 
�������������������������������������������������������������������������������������������������
�����������������������������������������������������
Plusieurs mois après l’injection de pristane, un liquide d’ascite péritonéal apparaît. Sa cinétique 
de survenue est similaire chez les souris normales et déficientes pour la 3’RR. ��������������
�����������tion du liquide d’ascite est également quasi identique. Le volume du liquide d’ascite 
������� ���� ���� ������������������ ���������� ������ ���� ������� ��������� ��� ������������ ����� ���
3’RR. La composition cellulaire du liquide d’ascite en cellules T (CD4������������������������
��������������������������������������������������������������������������������������������
déficientes pour la 3’RR. L’analyse par cytométrie en flux ne révèle également aucun impact 
��������������������������������������������������������������������������������������
��� ��������du liquide d’ascite ��� �������� ���������� ��������������� ������� ������� ����������
����α) et anti�����������������������������������γ) est également quasi������������ �����������
����������������������������������������5) pour l’IL������������������γ.����������������������
��������������������������������������������������������������������������������������������γ) 
et des faibles valeurs d’IL�10 détectées. L’effet de l’absence d’une 3’RR fonctionnelle sur la 
������� �����nthèse d’Ig se traduit��dans le liquide d’ascite de ces souris���������������� �����
significative (p<0,0005) des taux d’IgG, d’IgA et d’IgE détectés (comme celle observée dans 




En conclusion, l’absence de la 3’RR ne perturbe pas le développement d’une réaction 
�����������������������������������������������������������������������������������������
qu’en dehors de leur i�������������������������������������������������������������������������
������������������������� ����������������������������������������������������������������������
immunitaires et au développement d’une réaction inflammatoire avec synthèse de cytokines��
���������������������������������������������������������harmacologique de la 3’RR peut �����
��������������������������������������������������������������������������������������������
3’RR lors des lymphomes B matures. Toutefois il est évident que de futures études devront être 
menées sur d’autres modèles inflammatoires aigues ou chronique�����������������������������
�����������������������������pour la 3’RR à pouvoir initier, conduire et amplifier une réaction 
���������������������������������
Les résultats portants sur l’étude de la réaction inflammatoire chez des souris BALB/c 
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AbstrAct
The IgH 3’ regulatory region (3’RR), encompassing the four transcriptional 
enhancers hs3a-hs1,2-hs3b-hs4, is a potent lymphoma oncogene deregulator but 
its role in B cell-mediated inlammatory responses is unknown. We investigated the 
3’RR involvement in the in vivo pristane-induced inlammatory response in BALB/c 
mice. The lack of the 3’RR in BALB/c mice had no wide effect on the incidence, the 
kinetic of development and the cellular composition of peritoneal ascites. Ascite pro-
inlammatory cytokines levels (IL-6, IL-21, IL-12/23, TNF-α) were unchanged while 
anti-inlammatory cytokines levels (IL-10, interferon-γ) were slightly increased in 
3’RR-deicient BALB/c mice as compared to wt BALB/c mice. In conclusion, the 3’RR is 
dispensable for the eficient recruitment of immune cells and the normal development 
of an inlammatory response in the in vivo pristane-induced inlammatory model. 
The 3’RR might be considered as a potential suitable target for anti-lymphoma 
pharmacological therapy without potent adverse effect on normal immune and 
inlammatory responses.
IntroductIon
The IgH locus undergoes multiple changes 
along B cell differentiation, affecting transcription 
and accessibility to V(D)J recombination, somatic 
hypermutation (SHM) and class switch recombination 
(CSR) [1, 2]. Since all Ig gene remodelling events require 
transcription, IgH cis-regulatory regions and especially 
transcriptional enhancers are major locus regulators. 
Mouse models carrying targeted genomic deletions 
highlights distinct roles for such regions. The iEm and 
IGCR1 enhancers upstream of Cm mostly promote V(D)
J recombination [3, 4], while IgH 3’ regulatory region 
(3’RR) enhancers (hs3a, hs1,2, hs3b and hs4) promote 
SHM [5] and CSR [6] but not V(D)J recombination [7]. 
The 3’RR stimulates IgH transcription at the mature 
B cell stage [6]. The 3’RR is, thus, considered as a 
potential lymphoma oncogene deregulator. Strengthening 
this issue, transgenic mice models demonstrate the 
3’RR implication in the development of several B cell 
lymphomas such as Burkitt lymphomas, mantle cell 
lymphomas and anaplastic B cell lymphomas [8-15] 
leading to the conclusion that the 3’RR might be a 
potential target for anti-lymphoma pharmacological 
therapy. Such approach would be promising if targeting 
the 3’RR does not induce adverse effects such as 
altered normal immune and inlammatory responses. 
Until now, the role of the 3’RR in B cell-mediated 
inlammatory responses is unknown. To test this issue 
we investigated the impact of the total 3’RR deletion on 
the well-known in vivo pristane-induced inlammatory 
response. The pristane is a powerful and very long 
acting immunological adjuvant in BALB/c mice. The i.p.
pristane injection induces the development of a chronic 
inlammatory response with an inlux of T cells, B cells 
and granulocytic cells into the peritoneal cavity as well 
as the development of ascites; functional B cells being 
critical for all these events [16, 17].
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results
Generation of 3’RR-deicient BALB/c mice
Although some phenotypes due to speciic mutation 
are independent of the genetic background, phenotypic 
variability often becomes apparent only when a given 
mutation is studied on various genetic backgrounds [18-
21]. The 3’RR deletion, done in a 129 ES cell line and 
developed in a C57BL/6 background, was thus established 
in a BALB/c background. Similarly to that found in 3’RR-
deicient C57BL/6 mice [6], 3’RR-deicient BALB/c 
mice had similar numbers of bone marrow, spleen and 
circulating B cells than wt BALB/c mice (data not shown). 
As previously reported in 3’RR-deicient C57BL/6 mice 
[6], 3’RR-deicient BALB/c mice showed a dramatic 
reduction (p<0.0005, Mann-Whitney U-test) for their 
serum IgG (84% of decrease), IgA (95% of decrease) and 
IgE (97% of decrease) levels (Figure 1A). Their serum 
IgM levels were reduced (p<0.05, Mann-Whitney U-test) 
to a lower extend (52% of decrease). Similarly to 3’RR-
deicient C57BL/6 mice, their B splenocytes had a lower 
(p=0.008, Mann-Whitney U-test) capacity to secrete IgM 
(71.4 ± 11.2 ng/ml, mean ± SEM of 4 mice) after 3-days 
LPS stimulation in vitro than wt BALB/c mice (415.2 
± 140.4 ng/ml, mean ± SEM of 4 mice). Heterozygous 
D3’RR/wt BALB/c mice had similar serum levels of IgM, 
IgG, IgA and IgE than wt BALB/c mice (Figure 1A) 
conirming results with 3’RR-deicient C57BL/6 mice. 
Deletion of the 3’RR had no impact on the percentage 
of splenic marginal zone (MZ), follicular (FO) and 
transitional (TR) B cells (Figure 1B). Taken together these 
Figure 1: Serum Ig levels and B splenocyte phenotypes in 3’RR-deicient BALB/c mice. A: Serum IgM, IgG, IgE and 
IgA were investigated in six 3’RR-deicient BALB/c mice (D/D), eighteen heterozygous D3’RR/wt BALB/c mice (D/wt), and sixteen wt 
BALB/c mice (wt). Signiicances (as compared with wt mice) were investigated by Mann-Whitney U-test. ns: not signiicant. All samples 
were appropriately diluted before each assay and data were corrected by the dilution factor. B: Flow cytometry analysis of the percentages 
of marginal zone (MZ, B220+CD21+CD23-) B cells, follicular (FO, B220+CD21-CD23+) B cells and transitional (TR, B220+CD21-CD23-) B 
cells in 3’RR-deicient BALB/c mice and wt BALB/c mice (3 months old). Mean ± SEM of 3 experiments. ns: not signiicant as compared 
with wt mice.
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results indicate that the 3’RR deletion induces globally 
the same phenotypic pattern in C57BL/6 and BALB/c 
backgrounds.
Generation of peritoneal ascites in 3’RR-deicient 
BALB/c mice
About several months after pristane injection, 
development of ascites can be observed (Figure 2A). Wt 
BALB/c mice, D3’RR/wt BALB/c mice and homozygous 
3’RR-deicient BALB/c mice were investigated. As shown 
in Fig. 2B, deletion of the 3’RR had no dramatic effect on 
the time course of ascite formation. If a full penetrance 
(100% ascite incidence) was fond in wt mice (23/23), 
theses values were of 90% (19/21) and 71% (10/14) for 
heterozygous and homozygous 3’RR-deicient BALB/c 
mice, respectively. The volumes of peritoneal exudates 
varied between mice (Figure 2C) but additional symptoms 
were always present such as lethargy, rufled coats, 
enlarged abdomen and restricted gait [22]. Peritoneal 
exudate volumes were no signiicantly different (p>0.05, 
Mann-Whitney U-test) in Wt BALB/c mice (13.5 ± 1.6 
ml, mean ± SEM of 16 mice), D3’RR/wt BALB/c mice 
Figure 2: Ascite formation in 3’RR-deicient BALB/c mice. A: Several months after pristane injection the development of a 
peritoneal ascite can be observed in wt BALB/c mice and 3’RR-deicient BALB/c mice (D/D). B: Fourteen 3’RR-deicient BALB/c mice 
(D/D), twenty one heterozygous D3’RR/wt BALB/c mice (D/wt) and twenty three wt BALB/c mice (wt) were treated with pristane and 
followed over a period of 10 months for peritoneal ascite development. C: Ascite volumes (in ml) obtained in D/D, D/wt and wt mice. ns: 
not signiicant as compared with wt mice (Mann-Whitney U-test). Pictures from peritoneal ascite samples from a wt mouse and a D/D mouse 
are presented.
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(10.4 ± 1.6 ml, 17 mice) and homozygous 3’RR-deicient 
BALB/c mice (14.8 ± 2.4 ml, 6 mice) (Figure 2C). Mice 
with no ascite had normal viscera with clear peritonea and 
mesenteric tissue (data not shown).
Leukocyte iniltrate in the exudates of pristane-
injected mice
Flow cytometry analysis indicated that 
granulocytic cells (CD11b+ cells), T lymphocytes (CD4+ 
and CD8+ cells) and B lymphocytes (B220+ cells) were 
the predominant cell types in the exudates of pristane-
injected mice (Figure 3A) with no differences between 
Wt BALB/c mice, heterozygous D3’RR/wt BALB/c mice 
and homozygous 3’RR-deicient BALB/c mice. For T 
cells, no differences were documented for percentages 
of CD4+ and CD8+ cells. For B cells, no differences were 
documented for percentages of IgM+, IgD+, CD5+, CD43+ 
and CD138+ cells (Table 1). Finally, the total iniltrated 
cell numbers were not signiicantly different (p>0.05, 
Mann-Whitney U-test) for the three mouse categories 
(Figure 3B).
Pro- and anti-inlammatory cytokines in the 
exudates of pristane-injected mice
We next investigated if deletion of the 3’RR 
altered the cytokine network in the exudates of pristane-
injected mice. Six cytokines with potent pro- and anti-
inlammatory effect were investigated: IL-6 [23], IL-21 
[24], IL-12/23 [25], IL-10 [26, 27], interferon-g [27] 
and TNF-a [28]. As shown in Table 2, similar TNF-a, 
IL-6, IL-21 and IL-12/23 levels (considered as pro-
inlammatory compounds) were found in the exudates 
of pristane-injected 3’RR-deicient BALB/c mice, 
heterozygous D 3’RR/wt BALB/c mice and wt BALB/c 
mice. In contrast, IL-10 and INF-g levels (considered 
as anti-inlammatory compounds) were slightly higher 
(p<0.05, Mann-Whitney U-test) in pristane-injected 
3’RR-deicient animals.
Ig levels in the exudates of pristane-injected mice
As shown in Table 2, Ig levels were dramatically 
lowered (p<0.0005, Mann-Whitney U-test) in the 
exudates of pristane-injected 3’RR-deicient BALB/c 
mice as compared with wt BALB/c mice with a 92%, 99% 
and 96% of decrease for IgG, IgA and IgE, respectively. In 
contrast, Ig levels were similar (p>0.05) for heterozygous 
D3’RR/wt BALB/c mice and wt BALB/c mice (Table 2). 
These results demonstrated the reduced capability of 
3’RR-deicient B cells to eficiently switch toward IgG, 
IgE and IgA in vivo and thus to secrete switched Ig. 
In contrast, and in agreement with the fact that 3’RR 
Figure 3: Leukocyte iniltrate in the exudates of 
pristane-injected mice. A: Flow cytometry analysis indicated 
that granulocytic cells (CD11b+ cells), T lymphocytes (CD4+ and 
CD8+ cells) and B lymphocytes (B220+ cells) were the major cell 
species found in the peritoneal exudates of pristane-injected mice. 
A representative experiment is shown. B: Total cell number in the 
peritoneal exudates of pristane-injected mice. Mean ± SEM of 
three 3’RR-deicient BALB/c mice, twelve heterozygous Δ3’RR/
wt BALB/c mice, and ive wt BALB/c mice. ns: not signiicant 
(Mann-Whitney U-test) as compared with wt mice.
deiciency did not impede plasma cell differentiation [6], 
IgM levels were not affected in 3’RR-deicient BALB/c 
as compared with wt BALB/c.
dIscussIon
Although some phenotypes due to speciic mutations 
are independent of the genetic background, phenotypic 
variability often becomes apparent only when a given 
mutation is studied on various genetic backgrounds 
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[18-21]. Speciically for the 3’RR, c-myc-3’RR transgenic 
mice developed Burkitt lymphomas in a C57BL/6 
background but not in a BALB/c background [21]. Results 
of the present study indicate that the 3’RR deiciency 
induces similar phenotypic effects in a C57BL/6 and a 
BALB/c background: no effect on immature B cell stages, 
no impact on mature spleen B cell number, no impact in 
TR, FO and MZ B cell number, no effect on plasma cell 
differentiation but a severe CSR defect toward all isotypes 
resulting in depressed secretion of all Ig including IgM. 
If data report differences on spleen versus peritoneal B 
cell responses [22], similar impact of the 3’RR deletion is 
found for their switching and Ig secreting ability. Whether 
the 3’RR is considered as a potential lymphoma oncogene 
deregulator [8-15], no studies have focussed on its role 
in inlammatory processes. Do 3’RR-deicient B cells 
capable of sustaining eficient inlammatory and immune 
responses? We have, thus, investigated the impact of the 
total 3’RR deletion on the well-known in vivo pristane-
induced inlammatory response. The lack of 3’RR only 
marginally impacted (lower incidence) the development 
of ascite formation. When ascites were present, their 
cellular compositions and their kinetics of formation were 
similar to that found in wt mice. Among the different 
tested cytokines, pro-inlammatory cytokine levels (IL-6, 
IL-21, IL-12/23, TNF-a) were unchanged. In contrast, 
anti-inlammatory cytokine levels (IL-10, interferon-g) 
were slightly increased in ascites of 3’RR-deicient 
animals showing an elevated anti-inlammatory reaction 
in 3’RR-deicient mice that might explain the lessened 
ascite development incidence. Clearly if the conventional 
versus pathogen free microenvironment status of mice is 








CD11b+ cells 39.88 ± 4.03% 43.97 ± 5.79% 37.87 ± 6.70%
Total T cells 50.03 ± 3.14% 47.87 ± 4.87% 47.20 ± 7.14%
CD4+ T cells 66.28 ± 1.93% 64.23 ± 3.35% 62.49 ± 2.69%
CD8+ T cells 33.72 ± 1.93% 35.24 ± 3.12% 37.52 ± 2.69%
Total B cells 9.25 ± 0.88% 8.24 ± 1.30% 11.19 ± 2.0%
B220+IgM+ cells among B220+ cells 59.50 ± 3.20% 61.34 ± 4.53% 69.61 ± 4.06%
B220+IgD+ cells among B220+ cells 67.12 ± 2.88% 67.25 ± 2.87% 68.85 ± 4.71%
B220+CD5+ cells among B220+ cells 30.57 ± 2.27% 33.14 ± 2.59% 30.92 ± 4.18%
B220+CD43+ cells among B220+ cells 50.63 ± 4.42% 55.81 ± 4.76% 65.08 ± 4.04%
B220+CD138+ cells among B220+ cells 17.98 ± 4.66% 9.03 ± 1.11% 10.02 ± 3.04%
Total CD138+ cells 2.28 ± 0.63% 1.49 ± 0.39% 1.69 ± 0.53%
Cells were recovered, labelled with speciic antibodies and analysed by low cytometry. Results are reported as the 
mean ± SEM of the indicated number (n) of experiments. No signiicant differences (p>0.05) were found (Mann-
Whitney U-test) between groups.
Table 2: Cytokine and Ig levels in the peritoneal exudates of pristane-treated mice.
Wt mice
(n=16)




IL-6 (ng/ml) 5.52 ± 1.02 6.18 ± 1.21 5.55 ± 0.83
IL-12/23 (ng/ml) 2.42 ± 0.60 2.44 ± 0.23 2.65 ± 0.33
IL-21 (pg/ml) 17.50 ± 5.10 29.16 ± 5.60 21.60 ± 9.50
TNF-a (pg/ml) 103.5 ± 11.17 113.01 ± 11.68 109.0 ± 40.30
IL-10 (ng/ml) 0.39 ± 0.15 1.02 ± 0.21 (p<0.05) 1.21 ± 0.05 (p<0.05)
INFg (pg/ml) 63.00 ± 9.32 94.4 ± 11.98 569.1 ± 400.56 (p<0.05)
IgM (mg/ml) 0.60 ± 0.06 0.63 ± 0.11 0.41 ± 0.12
IgG (mg/ml) 28.00 ± 2.88 29.72 ± 3.12 2.11 ± 0.41 (p<0.0005)
IgE (mg/ml) 21.94 ± 1.93 22.84 ± 1.83 0.05 ± 0.01 (p<0.0005)
IgA (mg/ml) 19.12 ± 3.28 21.20 ± 4.07 0.65 ± 0.14 (p<0.0005)
Cytokine and Ig levels were investigated with speciic ELISA. Results are reported as the mean ± SEM of the indicated 
number (n) of experiments. Statistical signiicance (as compared with wt mice) was made with the Mann-Whitney 
U-test. All samples were appropriately diluted before each assay and data were corrected by the dilution factor.
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of importance for development of ascite formation [17], 
it is not the case for enhancers of the 3’RR. Our results 
clearly indicate that the 3’RR is dispensable for the 
eficient recruitment of immune cells in pristane-induced 
inlammation and has minimal impact on inlammatory 
responses. Moreover, the ability of IgM+ B cell to switch 
toward g, e and a isotypes and, thus, to secrete IgG, IgE 
and IgA is also dispensable to the development of an 
eficient pristane-induced inlammation.
In conclusion, if the 3’RR is considered as a 
major lymphoma oncogene deregulator [8-15, 29], 
its deletion has no dramatic effect on immune and 
inlammatory responses in the pristane mouse model. 
It is, thus, tempting to speculate that the 3’RR might be 
considered as a potential suitable target for anti-lymphoma 
pharmacological therapy without signiicant impact on the 
normal immune and inlammatory networks. A limitation 
of the pristane mouse model is that inlammation is 
restricted to the peritoneal cavity. It is of evidence that 
other mouse models of inlammatory reactions must be 
tested before deinitive validation of this hypothesis.
MAterIAls And Methods
Generation of transgenic mice
Our research has been approved by our local ethics 
committee review board (Comité Régional d’Ethique 
sur l’Expérimentation Animale du Limousin, Limoges, 
France) and carried according the European guidelines 
for animal experimentation. The 3’RR deletion has been 
done in a 129 ES cell line and developed in a C57BL/6 
background [6]. 3’RR-deicient C57BL/6 male mice were 
thus crossed with female BALB/c mice. The resulting 
male progeny were backcrossed with female BALB/c 
for more than six generations. The presence of the 3’RR-
deleted allele was veriied by PCR. 3’RR-deicient 
BALB/c mice, heterozygous D3’RR/wt BALB/c mice and 
wt BALB/c mice were investigated.
Pcr
PCR experiments for detection of the wt
3’RR allele were carried out with speciic forward 
5’-CCAAAAATGGCCAGGCCTAGG-3’ and reverse 
5’-GACCCTGTCCTATGGCT GAC-3’ primers. 
PCR experiments for detection of the deicient 
3’RR allele were carried out with speciic forward 
5’-TCCCTGGACAATCTGCACAT-3’ and reverse 
5’-GACCCTGTCCT ATGGCTGAC-3’ primers. DNA was 
denatured 180 sec at 95°C, and then submitted to 35 cycles 
consisting in 94°C/30 sec, 60°C/30 sec and 72°C/60 sec. 
Ampliication products were analysed on a 1.2% agarose 
gel. Expected sizes of ampliied products were 250 bp and 
587 bp for mutated and wt alleles, respectively.
Inlammatory reaction induced by pristane
8-weeks-old mice were treated with three 0.5 ml i.p. 
injections of pristane on day 0, 15 and 30. According to 
the French law for animal experimentations, mice were 
sacriiced after the irst sign of illness for example enlarged 
abdomen as a characteristic of accumulation of peritoneal 
exudates. Mice were followed over a period of 8 months.
Flow cytometry analysis
Single-cell suspensions from spleen, bone marrow 
and cells of the peritoneal exudates were labelled with 
various antibodies (Southern Biotechnologies) and 
analyzed on a Fortessa LSR2 (Beckman Coulter).
Blood and peritoneal exudates sampling
Blood samples were recovered from mice at 
the day of sacriice. Serum samples were recovered 
by centrifugation and stored at – 20°C until used. 
After sacriice, the peritoneal exudates were collected, 
centrifuged and stored at – 20°C until used.
ELISA assays
Sera and peritoneal exudates were analysed for the 
presence of the various immunoglobulin (Ig) classes (IgM, 
IgG,
 
IgE and IgA) by ELISA as previously described [8, 
18]. IL-6, IL-10, IL-12/23, IL-21, TNF-a and INF-g levels 
were determined in peritoneal exudates using speciic 
ELISA (e-Bioscience). All samples were appropriately 
diluted before each assay and data were corrected by the 
dilution factor. Repeated ELISA determinations were 
submitted to a statistical analysis by using the Mann-
Whitney U-test.
Spleen cell cultures for IgM production
Single-cell suspensions of spleen cells were cultured 
3 days at 1x106 cells/ml in RPMI 1640 with 10% fetal 
calf serum and 20 mg/ml LPS. Supernatants were then 
harvested and stored at – 20°C until IgM evaluations as 
reported above [8, 30].
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à des dérégulations oncogéniques et conduire à l’émergence de lymphomes. ���� �������
��������������������������������������������������’RR �������������������������et Igλ�����
����������������������������������������������������������������������������������������������
��� ��������������� ��� ���� �������� ������3’RR et Igλ����� ������������ ���� ����������
����������������Burkitt. La 3’RR est essentielle aux processus de SHM et de CSR qui génèrent 
des cassures d’ADN, sites potentiels de mutations et/ou translocation oncogéniques. Nous nous 
sommes posé la question d’un éventuel rôle en «�������» de la 3’RR lors de la lymphom��������
chez les souris Igλ�Myc par l’intermédiaire de son action lors de la SHM et la CSR. Bref, en 
absence de la 3’RR va������������������������������������������������������������������
les souris Igλ�������
La délétion de la 3’RR a été apportée aux souri�� �������������� Igλ����� ���� ������������
successifs avec des souris déficientes pour la 3’RR �������������������������������������������










������ ������������ ����������� ���� �������� : des souris Igλ�Myc normales, des souris Igλ�����
hétérozygotes ou homozygotes pour la délétion de la 3’RR. Après plusieurs semaines, nous 
avons observé l’apparition de lymphomes chez ces trois types de souris. ����st à noter que l’étude 
de la cinétique d’apparition de ces lymphomes n’a pu être faite, faute de l’obtention, en 
����������� ��� ��������� ������������� ��������� ���� ������ �������� �������� ������������ ����
���������� �� ���������� ����� ���� ���������� ����� ���������� ����� ��� ����� ������ ���� ��� �����
confirmant les résultats préalablement publiés sur les souris Igλ����������������������������
������������Aucun lymphome n’a d’extension digestive. Le caractère clonal des tumeurs a été 
����������������������������������������ion d’ADN génomique (digéré EcoRI) avec une sonde 
����������������������������������������������������������������������������������������
L’analyse par cytométrie en flux des lymphomes provenant des souris Igλ���������������������
������� ���� ������� ����������� ������������������� ���� ������� �� ��������
�����������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������
������� ������ ��� ������ ���� ������������� ��� ����������� ���� ���������� �� �������� �������
significativement chez les souris 3’RR déficientes par rapport aux s������ ��������� ��������
�����������������������������������������������������������������������������������������
chez les souris 3’��������������� ���� �������� ���� ������� ��������� ������� ����� ��������� ���
�����������������������������������������������������������������������������������������
la délétion de la 3’RR par rapport au����������������������������������������L’absence de la 
3’R�� ������������������������������������������������������������chez les souris Igλ������
L’absence de la 3’RR diminue le caractère mature d’un grand nombre de lymphomes et de ce 
fait permet l’émergence d’un plus grand nombre de lymphomes B immatures. Parmi ����
������������ �������l’absence de la 3’RR en diminue le caractère activé. �
�
L’analyse par cytométrie en flux du caractère prolifératif des lymphomes montre qu’il n’est pas 
affecté par la délétion de la 3’RR. Ce caractère est évalué par l’analyse du pour�����������
���
�
���������exprimant l’Ag Ki67 (présent des phases G���� ��du cycle cellulaire). L’index Ki67 est 
��������� ����� ����� ������ ��� ��������� ������� ��������� ���� ������� ��������� ��� ��������� ��
�������������������������
L’élément initiateur de la lymphomagenèse dans les souris Igλ�Myc est la surexpression d’un 
��������������������������������� ������������������������������. L’analyse de la quantité de 
����������� ��������������������������������������������������������������������������������
��������������������������������������������������������entre des lymphomes Igλ����������
et sans 3’RR qu’ils soient immatures ou matures. Une altération de la transcription du c�����
humain n’est donc pas une explication plausible pour le shift mature�����������������������������
Igλ�Myc sans 3’RR. De même, l’analyse des transcrits Myc murin n’apporte aucune donnée 
���������������
�����������������������������������������������������������ges et déficientes pour la 3’RR����
����� ���� ������� ���������� ���� ��� �������� �� l’o������� ��� ��������� ������ ���� �����������
germinatif alors que chez l’homme elle est post�centre germinatif. La délétion de la 3’RR 
n’affecte pas également l’utilisation des gènes des régions V, D et J confirmant que la 3’RR 
n’est pas impliq���������������������������������������������������
En conclusion, l’absence de la 3’RR modifie le degré de maturité tumoral dans les souris Igλ�
������������������������������������������������������������������������������������������������
�������������������������������de maturation démasquée par la présence du transgène Igλ������
Ce résultat confirmerait l’effet de la 3’RR sur la cinétique d’utilisation de l’allèle µ pour la 
�������������������������������������������� �������������������������������������������������
���la 3’RR lors de la lymphomogenèse par l’intermédiaire de son action lors de la SHM et la 
����� �������������������������� �������������������������������������������� �� �������������
expliquerait l’augmentation du pourcentage de lymphomes B immature en absence de la 3’RR. 
������que soit l’hypothèse, notre étude montre que la 3’RR agit sur la lymphomagenèse B, 
même quand l’oncogène n’est pas transloq���������������� ����������������������
Les résultats portants sur l’étude du rôle de la 3’RR dans la lymphomagenèse chez les souris 
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ABSTRACT
The IgH 3’regulatory region (3’RR), encompassing the four transcriptional 
enhancers hs3a-hs1,2-hs3b-hs4, has a key role on class switch recombination, somatic 
hypermutation, IgH transcription and B-cell fate. In plasma cells, transcribed IgH and 
IgL loci often colocalized in transcription factories and an IgL transcription defect 
might translate into lowered IgH transcription. We explored whether the 3’RR would 
affect lymphomagenesis in Igλ-Myc transgenic mice prone to lymphoproliferations. 
Breeding Igλ-Myc transgenics in a background deicient for the 3’RR inluences 
lymphomagenesis toward less mature lymphomas (16% vs 54%, p = 0.01, Z test 
for two population proportions). In a 3’RR-deicient background mature tumors less 
often expressed the CD43 antigen (54% vs 0%, p = 0.02), a membrane glycoprotein 
expressed on activated mature B-cells. In contrast, in a 3’RR-deicient background 
tumors more often expressed the CD5 antigen (32% vs 12%, p = 0.05) that may 
serve to control autoimmunity and that is suspected to play a role in leukemic 
transformation. Lymphoma myc transcript levels, the Ki67 index of proliferation, the 
clonality, the usage of V(D)J segments, and their somatic hypermutation status were 
not affected in the 3’RR-deicient background. In conclusion, most probably through 
its action during the maturation process, the 3’RR can inluence lymphomagenesis 
even when not linked with an oncogene.
INTRODUCTION
The immunoglobulin heavy chain (IgH) locus 
undergoes multiple changes along B-cell differentiation, 
affecting transcription and accessibility to V(D)
J recombination, somatic hypermutation (SHM) and 
class switch recombination (CSR) [1, 2]. Since Ig gene 
remodelling events require transcription, cis-regulatory 
regions and especially transcriptional enhancers are 
major locus regulators. The IgH 3’ regulatory region 
(3’RR) enhancers (hs3a, hs1,2, hs3b and hs4) promote 
IgH transcription [3], SHM [4] and CSR [5, 6] but not 
V(D)J recombination [7]. Ongoing recombination and 
mutation all along B-cell development make the IgH and 
Ig light (IgL) chain locus hotspots for translocations [8, 9]. 
Numerous lymphomas are thus marked by proto-oncogene 
translocation into the IgH locus such as cyclin D1, Bcl-2 
and c-myc for mantle cell lymphoma, follicular lymphoma 
and Burkitt lymphoma, respectively. Convincing 
demonstration of the key contribution of the IgH and IgL 
enhancers in mature B-cell lymphomagenesis has been 
done by transgenic animal models. Thus, c-myc-3’RR 
and Igλ-Myc transgenics developed Burkitt lymphoma-
like proliferation [10-15]. IgH and IgL enhancers may thus 
be potent activators of IgH/IgL-translocated oncogene 
transcription, even when breakpoints lie several hundred 
kb away from the enhancers. Thus, long-range interactions 
between the two regions of chromatin, through formation 
of a loop structure constitute an important mechanism of 
normal and abnormal gene transcription regulation by the 
3’RR [2, 16]. Although IgL and IgH chains are encoded 
by loci located in different chromosome, nuclear positions 
of Ig alleles are coordinated according to ordered V(D)
J recombination [17]. During B-cell activation one IgH 
allele more often associates with the nuclear periphery 
[18], while the chromatin context of both alleles appears 
similar in 4C experiments [19]. Observation of frequent 
inter-allelic (trans-) CSR in mammals also implies inter-
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allelic proximity favoring recombination and synapsis 
between alleles [20, 21]. In plasma cells, transcribed 
IgH and IgL loci often colocalized in transcription 
factories and an IgL transcription defect might translate 
into lowered IgH transcription [22]. Until now, the role 
of the 3’RR in the development of B-cell lymphomas 
due to a IgL enhancer-mediated oncogene deregulation 
is unknown. We have explored whether the 3’RR would 
affect lymphomagenesis in Igλ-Myc transgenic mice prone 
to lymphoproliferations. The Igλ-Myc transgene induces 
the B-cell speciic overexpression of the human c-myc 
oncogene leading to the progressive development of B-cell 
lymphomas [14].
RESULTS AND DISCUSSION
Generation of 3’RR-deicient lymphoma mice
3’RR-deicient mice were crossed with Igλ-
Myc mice (considered as wt in this study) to derive 
heterozygous 3’RR-deicient/Igλ-Myc and homozygous 
3’RR-deicient/Igλ-Myc mice. The presence of the Igλ-
Myc transgene (Figure 1A) and of the 3’RR-deleted allele 
(Figure 1B) was followed by using speciic PCR.
Figure 1: Igλ-Myc/3’RR-deicient lymphoma mice. A. A typical PCR proile for the detection of the Igλ-Myc transgene. Lines 
1-6: six positive mice (ampliication of a 450 bp fragment). Lines 7-9: three negative mice. B. A typical PCR proile for the detection of 
the 3’RR-deicient allele (ampliication of a 250 bp fragment) and the 3’RR wt allele (ampliication of a 587 bp fragment). Lines 1-4: four 
heterozygous 3’RR-deicient mice (∆/wt). Lines 5-8: four homozygous 3’RR-deicient mice (∆/∆). Lines 9-11: three wt mice. C. Tumors in 
lymphoma mice. Arrows indicate lymphoma presence. D. Schematic representation of the B-cell development with the presence of several 
membrane cell markers. The “?” indicates the potential expression of the CD43 antigen on activated mature B-cells.
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Characteristics of lymphomas in 3’RR-deicient 
lymphoma mice
After several weeks, mice developed lymphomas 
with obvious lymph node involvement (Figure 1C). 
According to the French law animal exhibiting tumors 
were sacriiced. At necropsy, lymphoma mice had enlarged 
lymph nodes and spleen. Mice with tumors showed 
leukemic peripheral blood involvement with circulating 
lymphoma cells. The numbers of total circulating white 
blood cells were not different (p > 0.05, Mann-Whitney 
U-test) between Igλ-Myc lymphoma mice (136 ± 28 103
cells/µl, n = 10), heterozygous 3’RR/Igλ-Myc lymphoma 
mice (495 ± 194 103 cells/µl, n = 17) and homozygous 
3’RR/Igλ-Myc lymphoma mice (175 ± 33 103 cells/µl, n
= 18) but elevated (p = 0.02, Mann-Whitney U-test) as 
compared with healthy Igλ-Myc mice (81 ± 5 103 cells/
µl, 4 mice) and healthy 3’RR-deicient mice (71 ± 7 103
cells/µl, 4 mice). Flow cytometry analysis of circulating 
lymphoma cells showed the same labelling pattern than 
spleen and lymph node lymphoma cells (Figure 2). Means 
Figure 2: Flow cytometry analysis of lymphoma cells in spleen, lymph node and blood. Typical low cytometry of lymphoma 
cells from lymph node, spleen and blood of lymphoma mice. Results of a B220/IgD labelling for an Igλ-Myc mice (wt), of a B220/IgD 
labelling for a heterozygous 3’RR-deicient/Igλ-Myc mice (∆/wt) and a B220/IgM labelling for an homozygous 3’RR-deicient/Igλ-Myc 
mice (∆/∆). Three representative proiles from 6 lymphoma mice (2 wt, 2 ∆/wt and 2 ∆/∆).
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of low cytometry labelling were also similar (Figure 2) 
showing that lymphoma cells in lymph nodes, spleen and 
blood were identical. Lymphoma cells were not associated 
with liver and gut-associated lymphoid tissues (data not 
shown). All data reported below were obtained with lymph 
node lymphomas.
Lymphomas from 79 animals were investigated 
(24 wt mice, 30 heterozygous mice and 25 homozygous 
mice). During precursor B-cell differentiation, genes 
encoding H and L chains of an Ig molecule are somatically 
assembled from germline DNA. This process occurs in 
the bone marrow prior to antigenic challenge and leads 
to the successive formation of pro-B, pre-B and immature 
B-cells. B-cells mature in germinal centers and once 
activated differentiate into Ig-secreting plasma cells 
(schematized in Figure 1D). Whether the membrane B220 
marker is present all along B-cell maturation, stage speciic 
markers characterise these different stages: expression of 
the membrane CD117/CD43/CD138 antigens on pro-B/
pre-B-cells, expression of membrane IgM on immature 
B-cells, expression of membrane IgD on mature B-cells, 
re-expression of membrane CD138 on plasma cells and 
re-expression of membrane CD43 on activated mature 
B-cells (schematized in Figure 1D) [23]. Flow cytometry 
was used to monitor the immunophenotypic proile 
of lymphomas (typical proiles are reported in Figure 
3). A B220+ population was characterized in all cases 
(100%, 79/79) while staining for T lineage (CD4 and 
Figure 3: Flow cytometry analysis of Igλ-Myc lymphomas. Lymphomas were labelled with various antibodies and analyzed 
with low cytometry. Lymphoma analysis revealed four major subtypes. A. pro-B/pre-B lymphomas (B220+CD117+IgM-); B. immature 
B-cell lymphoma (B220+CD117-IgM+IgD-); C. mature B-cell lymphoma (B220+IgM+IgD+ with or without CD43); D. plasmablastic B-cell 
lymphoma (B220+CD138+). E: Some lymphomas were CD5+. Representative B220/CD117, B220/IgM, B220/IgD, B220/CD43, B220/
CD138 and B220/CD5 labelling were shown. Anti-B220 was conjugated with PC5. Anti-IgM, anti-IgD, anti-CD43 and anti-CD5 were 
conjugated with FITC. Anti-CD117 and anti-CD138 were conjugated with PE.
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CD8) and monocyte/macrophage lineage (CD11b) was 
negative (data not shown). Percentages of pro-B/pre-B, 
immature B-cell, mature B-cell and plasmablastic B-cell 
lymphomas in Igλ-Myc, heterozygous 3’RR/Igλ-Myc and 
homozygous 3’RR/Igλ-Myc lymphoma mice are reported 
in Figure 4A. Deletion of the 3’RR signiicantly (p = 
0.01, Z test for two population proportions) inluenced the 
lymphoma maturation stage with reduced total (mature 
B-cell lymphomas plus plasmablastic B-cell lymphomas) 
mature lymphomas (16%, 4/25) compared to Igλ-Myc 
wt mice (54.1%, 13/24) (Figure 4B). Although reduced 
(36.6%, 11/30), mature lymphomas in heterozygous 
3’RR/Igλ-Myc mice were not signiicantly different (p 
> 0.05, Z test for two population proportions) compared 
to Igλ-Myc wt mice. CD43 is a sialylated single chain 
membrane glycoprotein expressed on activated mature 
B-cells [24]. Deletion of the 3’RR signiicantly (p < 
0.05, Z test for two population proportions) reduced the 
number of CD43+ mature B-cell lymphomas. CD43 is 
thus present on 54% (7/13), 73% (8/11) and 0% (0/4) of 
total mature B-cell lymphomas of wt, heterozygous and 
homozygous 3’RR-deicient Igλ-Myc mice, respectively 
(Figure 4C). CD5 is a transmembrane glycoprotein on 
the surface of some B-cells associated with the B-cell 
receptor. CD5 might have a major negative inluence on 
antigen receptor driven-B-cell function and may serve to 
control autoimmunity [25]. The number of CD5+ B-cell 
lymphomas is higher (p < 0.05, Z test for two population 
Figure 4: Igλ-Myc lymphomas in a 3’RR-deicient background. A. Percentage of pro-B/pre-B lymphomas, immature B-cell 
lymphomas, mature B-cell lymphomas and plasmablastic B-cell lymphomas in Igλ-Myc (wt), heterozygous 3’RR-deicient/Igλ-Myc (∆/
wt) and homozygous 3’RR-deicient/Igλ-Myc mice (∆/∆). B. Percentage of total (mature B-cell lymphomas plus plasmablastic B-cell 
lymphomas) mature B-cell lymphomas in Igλ-Myc (wt), heterozygous 3’RR-deicient/Igλ-Myc (∆/wt) and homozygous 3’RR-deicient/
Igλ-Myc mice (∆/∆). *p < 0.05, Z test for two population proportions. C. Percentage of total (mature B-cell lymphomas plus plasmabslastic 
B-cell lymphomas) CD43+ mature B-cell lymphomas in Igλ-Myc (wt), heterozygous 3’RR-deicient/Igλ-Myc (∆/wt) and homozygous 
3’RR-deicient/Igλ-Myc mice (∆/∆). *p < 0.05, **p < 0.005, Z test for two population proportions. D. Percentage of total CD5+ B-cell 
lymphomas in Igλ-Myc (wt), heterozygous 3’RR-deicient/Igλ-Myc (∆/wt) and homozygous 3’RR-deicient/Igλ-Myc mice (∆/∆). *p < 0.05, 
Z test for two population proportions. E. Lymphoma clonality. Southern blot analysis was used to examine lymphoma clonality with a J
H4
probe. Genomic DNA was prepared and digested with EcoRI from lymph node cells of Igλ-Myc mice (wt) and homozygous 3’RR-deicient/
Igλ-Myc mice (∆/∆). The arrow located the germinal band.
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proportions) in heterozygous 3’RR-deicient Igλ-Myc 
mice (36%, 11/30) and homozygous 3’RR-deicient Igλ-
Myc mice (32%, 8/25) than in wt Igλ-Myc mice (3/24, 
12%) (Figure 4D).
All along B-lymphocyte development, cell survival 
is dependent from BCR expression and signalling. IgH 
transcription is markedly reduced in 3’RR-deicient 
mice even if BCR expression, signalling and B-cell 
compartments (except for marginal zone B-cell one) are 
roughly normal [3]. The lower percentage of total mature 
B-cell lymphomas in the 3’RR-deicient background 
might be linked to a lowered maturation speed unmasked 
by the c-myc-induced lymphoproliferation context. 
The lower percentage of CD43 activated mature B-cell 
lymphomas in the 3’RR-deicient background is coherent 
with this hypothesis. CD5+ B-cells have distinct functional 
properties compared with B-cells lacking CD5. In B-cells, 
CD5 associates with the BCR and is suspected to maintain 
anergy in mouse B-cells. CD5 also promotes multiple 
intracellular signalling pathways in B-lymphocytes [26] 
and CD5+ B-cells are more resistant to apoptose than 
CD5- B-cells [25]. The elevated CD5+ B-cell lymphomas 
in 3’RR-deicient Igλ-Myc mice might unmask a role of 
the CD5 antigen in leukemic transformation as previously 
suggested [26]. The role of the 3’RR deletion on the 
CD5+ B-cell fate deserves now further investigations. 
Finally, taken altogether these results reinforce a recent 
study reporting that the class-speciic BCR tonic signal 
modulates lymphomagenesis in a c-myc deregulation 
transgenic model [13].
Clonal origin of lymphomas
Southern analysis of V(D)J recombinations showed 
that all B-cell lymphomas had undergone clonotypic Ig 
rearrangements. Thus, the use of a J
H4
 probe revealed 
rearranged bands in addition to the germline band 
indicating the clonal origin of lymphomas from Igλ-Myc 
mice with or without the 3’RR (Figure 4E). 
Ki67 expression of lymphomas
The proliferative activity of tumor cells was 





 and M phase of the cell cycle. The percentage of 
Ki67+ cells was high and similar in Igλ-Myc mice (91%, 
12 mice), heterozygous 3’RR-deicient/Igλ-Myc mice 
(87%, 21 mice) and homozygous 3’RR-deicient/Igλ-Myc 
mice (89%, 21 mice) showing that the intensive lymphoma 
proliferation was not affected by deletion of the 3’RR. 
These results are in agreement with the lack of effect of 
the 3’RR deletion on the growth of normal B-cells [5].
Figure 5: Murine and human c-myc transcripts in Igλ-Myc lymphomas in a 3’RR-deicient background. A. Murine myc 
transcripts B. Human myc transcript in immature and mature B-cell lymphomas in Igλ-Myc (wt), heterozygous 3’RR-deicient/Igλ-Myc (∆/
wt) and homozygous 3’RR-deicient/Igλ-Myc mice (∆/∆). Five immature and ive mature B-cell lymphomas for wt mice. Eight immature 
and eleven mature B-cell lymphomas for ∆/wt mice. Eleven immature and ive mature B-cell lymphomas for ∆/∆ mice. Pre-malignant 
splenic B-cells of four wt and four ∆/∆ mice were used as controls. *p < 0.01 and **p < 0.001 (Mann-Whitney U-test).
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Mouse and human c-myc transcripts in 
lymphomas
Igλ-Myc mice carried an Igλ-Myc transgene 
containing a translocated MYC gene from the human 
Burkitt lymphoma cell line IARC-BL60 under the 
transcriptional control of the IgL λ chain regulatory 
sequences [14]. Thus the dual analysis of both human 
transgenic myc transcripts and endogenous mouse myc 
transcripts can be investigated in Igλ-Myc mice. We 
analyzed mouse splenic B-cells in 8 week old homozygous 
3’RR-deicient/Igλ-Myc mice and Igλ-Myc mice before 
any manifestation of disease. Mouse and human myc 
transcripts levels in splenic B-cells were not affected by the 
3’RR-deicient background (Figure 5A and 5B). Similarly, 
the shift between mouse and human myc transcript levels 
in B-cell lymphomas of Igλ-Myc mice was not affected. 
For these experiments puriied splenic B-cells of 8-weeks 
old mice prior any manifestation of disease were used as 
controls. This was done because lymphomas arose from 
axillary, parotid, and submandibular lymph nodes (Figure 
1C) and that in steady state conditions it is impossible to 
obtain suficient amounts of puriied lymph node B-cells 
from 8-weeks old mice. Finally, human myc transcript 
levels were similar in immature and mature B-cell 
lymphomas (Figure 5B). Taken together these results 
suggest that the tumoral process is not affected by the 
3’RR-deicient background, reinforcing the hypothesis 
that the lowered lymphoma maturity in 3’RR-deicient/
Igλ-Myc mice is related to a difference on cell maturity of 
the cell of origin of the B-cell lymphoma.
Figure 6: V(D)J usage in Igλ-Myc lymphomas in a 3’RR-deicient background. A. Schematic representation of segments 
of variability (V), diversity (D) and junction (J) in the IgH mouse locus. B. Analysis of distal, middle or proximal V genes in twelve 
lymphomas from Igλ-Myc mice and thirteen lymphomas from homozygous 3’RR-deicient/Igλ-Myc mice. C. Analysis of J segments 
in twelve lymphomas from Igλ-Myc mice and thirteen lymphomas from 3’RR-deicient/Igλ-Myc mice. D. Analysis of D segments in 
twelve lymphomas from Igλ-Myc mice and thirteen lymphomas from 3’RR-deicient/Igλ-Myc mice. Three D segments from lymphomas 
from 3’RR-deicient/Igλ-Myc mice cannot be determined after ampliication, cloning and sequencing of the V-D-J segment due to high 
mutations/insertions/deletions located at the V-D and D-J junctions.
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Analysis of Ig VH mutations in lymphomas
We then analysed the mutation status of V
H
 
rearranged genes in B-cell lymphomas. This study was 
made possible because of their clonal nature (Figure 
4E). The 150 bp located downstream the J
H4
 exon were 
investigated as an hot spot of somatic hypermutation [4]. 
All lymphomas revealed unmutated sequences and thus 
featured a pre-germinal centre origin (results from four 
wt lymphomas, three heterozygous 3’RR lymphomas, 
three homozygous 3’RR lymphomas, ten sequences for 
each lymphoma) (data not shown). The lack of somatic 
hypermutations in lymphomas from Igλ-Myc mice is in 
agreement with their absence in lymphomas from iMycEµ 
mice [27] and reinforced the hypothesis that most mice 
lymphomas arise from naïve B-cells. It is interesting to 
note that most human B-cell lymphomas are mutated 
suggesting that the cell of origin of human and mouse 
lymphomas differs suggesting multifactorial route to 
tumor development and that correlations between human 
lymphomas and mice models should be made cautiously. 
Analysis of V(D)J recombination in lymphomas
The mouse IgH locus contains about 200 variable 
(V
H
) genes subdivided into domain-organized gene 
families, including the distal V
H





genes are followed by a dozen 
of diversity (D) segments and four junction (J) segments. 
We then analysed if 3’RR deiciency affected the type 
of V, D and J used to express the B-cell receptor at the 
membrane of B-cell lymphomas. This study was made 
possible because of their clonal nature. As shown in Figure 
6, lack of the 3’RR did not affect the use of either V, D 
and J segments. This study conirms that the 3’RR is not 
implicated in V(D)J recombination conirming previous 
studies using non lymphoma B-cells [7, 28].
CONCLUDING REMARKS
Results of the present study indicate that the IgH 
3’RR inluences lymphomagenesis in Igλ-Myc mice. The 
3’RR did not directly act on the lymphomagenetic process 
but on the maturity of the cell of origin of the lymphoma. 
The 3’RR is a major lymphoma oncogene deregulator [8, 
10-13]. Targeted inhibition of the 3’RR could provides 
a therapeutic strategy for the treatment of a wide range 
of mature B-cell lymphomas, speciically those with 
oncogene translocation into the IgH locus [29, 30].
MATERIALS AND METHODS
Generation of transgenic mice
3’RR-deicient mice [5] were crossed with Igλ-
Myc mice [14] to derive heterozygous 3’RR-deicient/
Igλ-Myc mice and homozygous 3’RR-deicient/Igλ-Myc 
mice. Mice exhibiting obvious tumors or presenting signs 
of illness were immediately sacriiced. Our research has 
been approved by our local ethics committee review 
board (Comité Régional d’Ethique sur l’Expérimentation 
Animale du Limousin, Limoges, France) and carried 
according the European guidelines for animal 
experimentation.
PCR
PCR experiments for detection of the wt
3’RR allele were carried out with speciic forward 
5’-CCAAAAATGGCCAGGCCTAGG-3’ and reverse 
5’-GACCCTGTCCTATGGCT GAC-3’ primers 
[23]. PCR experiments for detection of the deicient 
3’RR allele were carried out with speciic forward 
5’-TCCCTGGACAATCTGCACAT-3’ and reverse 
5’-GACCCTGTCCTATGGCTGAC-3’ primers [30]. 
Ampliication products were analysed on a 1.2% 
agarose gel. Expected sizes of ampliied products 
were 250 bp and 587 bp for mutated and wt alleles, 
respectively. PCR experiments for detection of the Igλ-
Myc transgene were carried out with speciic forward 
5’-GCTCGTCTCAGAGAAGCTGG-3’ and reverse 
5’-ATCTCTCCAGATCTGCTATCTC-3’ primers. 
Ampliication products were analysed on a 1.2% agarose 
gel. Expected size of ampliied products was 450 pb.
Flow cytometry analysis
Single-cell suspensions from lymph node tumors 
and spleen were labelled with PC5 anti-B220, PE anti-
CD117, FITC anti-CD43, FITC anti-IgM, FITC anti-
IgD, FITC anti-CD5, PE anti-CD138, PE anti-CD4, PC5 
anti-CD8 and FITC anti-CD11b antibodies (Southern 
Biotechnologies) and analyzed on a Fortessa LSR2 
(Beckman Coulter) [31, 32]. For intracellular labelling 
experiments, cells were ixed and permeabilized with the 
IntraprepTM permeabilization reagent (Beckman Coulter) 
according to the manufacturer’s recommendations prior 
to incubation with FITC anti-Ki67 (Becton Dickinson) or 
irrelevant antibodies (Cell signalling Technology, Inc). 
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Clonality assay
Genomic DNA prepared from lymph node 
lymphomas was digested with EcoRI and analysed by 




Total RNA was extracted from lymph node 
lymphomas. RNA was reverse-transcribed into cDNA by 
addition of reverse transcriptase to 2 µg total RNA in a 
inal volume of 20 µl. Real time PCR was performed in 
duplicate by using TaqMan assay reagents and analysed 
on an ABI Prism 7000 system (Applied Biosystems 
Foster City, CA) [32]. Product reference: mouse c-myc, 
Mm00487803-m1; human c-myc, Hs00153408-m1. 
Mouse actin (Mn00607939-s1) was used for normalization 
of gene expression levels (Applied Biosystems). In 
another set of experiments, RNA was extracted from 
splenic B-cells (puriied by CD43 magnetic cell sorting) 
of 8 week old Igλ-Myc/3’RR-deicient mice and Igλ-Myc 
mice (i.e., before any manifestation of disease).
Sequence analysis of expressed V(D)J 
rearrangements
Genomic DNA extracted from tumors was 









7183 5’ - 
CGGTACCAAGAASAMCCTGTWCCTGCAAATGASC 
- 3’ and backward primer: J
H4
 
5’-AGGCTCTGAGATCCCTAGACAG-3’. The PCR 
products were cloned into the Zero Blunt® Topo® PCR 
cloning (Invitrogen). Plasmids were isolated using the 
NucleoSpin kit (Macherey-Nagel Eurl) and sequenced 
using an automated laser luorescent ANA ABI-PRISM 
sequencer (Perkin-Elmer).
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En plus des travaux menés sur le rôle de la 3’RR ��������������������������������������������
et sur le développement des lymphomes, j’ai également participé, durant ma thèse, à la mise en 
évidence du rôle fonctionnel de la 3’RR dans la CSR. La majeure partie des expérimentations 
�����������������������������������������������������������������
�
La CSR permet de changer l’isotype d’une Ig tout en conservant sa spécificité antigénique. Elle 
nécessite le ciblage d’AID sur les régions S qui précèdent les gènes constants. La CSR utilise, 
����������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������
���������������������������������������� �������� ���������� ��������������������������������
�������������������������������������: l’activation de marques épigénétiques, une augmentation 
����������������������������������������������������������������������������������������������������
par AID, l’excision de l’ADN double��������������������������s S sous forme d’un épisome et 
le raboutage des 2 terminaisons d’ADN. La 3’RR gouverne la CSR ������������������� �����
�������� ���� �������� ������� ������ ����������� ���� ���� ��� ������ ����� ����� ���� ��������� ��
l’exception de ��� ��� ���� �������������� ����������� ������� ��������� ����� ���������� �� �����
moment de la CSR agit la 3’RR����������������������������������������������������������������
�������������������������������������������������������������avec le recrutement d’AID��������
des étapes de raboutage de l’ADN�? L’objectif de notre étude a été de clarifier le mode d’action 
de la 3’RR lors de la CSR.�
�
��������������������� ���vers γ1 puisqu’il en reste un switch résiduel et puisque c’est le switch�
����������������������������� ��������chez l’homme. Pour ce faire, les splenocytes de souris 
��������� ��� �������ntes pour la 3’RR ont été isolé�� ����� ���������� ��� ������� ���� ��� ���������
�������������������������������������vers γ1.�
Elucidation of IgH 3’ region regulatory role during clas�� ������� �������������� ����
�������������������







�����������������������������������������de l’ADN se fait par la voie du Non Homologous End 
Joining (NHEJ). En cas d’altération, une voie alternative (AEJ) prend le relais. Un pourcentage 
���������� ��� ���������� ��������� ���� �������� ����� ��� ������ ��� ������������ ���������� ���
��������������������homologies et jonctions complexes est observé lors de l’AEJ��L’analyse 
��������������������������������� �������������Sγ1 a révélé des pourcentages de jonctions 
���������� ���� ����������������� ��� ���������� ����������� ������ ���� ������� ��������� ���
déficientes pour la 3’RR. En conclusion la 3’RR n’influence pas la mécanistique du raboutage 
final de l’ADN lors du switch.�
�
L’analyse après PCR/clonage/séquençage des jonctions Sµ�Sγ1 a révélé une baisse des 
���������� ������������parties Sµ et Sγ1 chez les souris déficientes pour la 3’RR suggérant une 
baisse du recrutement d’AID sur ces régions S. L’analyse par LM��������������������������
������ ������������������������������������������������������1. L’analyse par ChIP confirme la�
baisse du recrutement d’AID sur la région S�1 chez les souris déficientes pour la 3’RR. En 
conclusion la 3’RR est importante pour le recrutement d’AID sur la région S�������������������
génération de cassures doubles brins. La 3’RR semble peu importante po��� ��� ������������
d’AID sur la région donneuse S���
�
L’analyse par PCR quantitative montre que l’absence de la 3’RR diminue la transcription des 
régions Sµ et Sγ1 en réponse à une stimulation LPS+IL4. L’analyse par ChIP confirme, chez 
les souris sans 3’RR, ��������� ����������������� ��������� �� �� �� ������ ����� ����������� ��
���������1. En conclusion la 3’RR est importante pour le recrutement de la pol II sur la région 
���������������La 3’RR semble peu importante pour le recrutement de la pol II sur la �������
�������������
�
L’analyse par ChIP montre que l’absence de la 3’RR diminue considérablement l’activation de 
certaines marques épigénétique (H3K9ac, H3K4me3, H3ac) dans la région Sγ1 en réponse à 
une stimulation LPS+IL4. Par contre peu d’effet�������������������������������
�
La baisse du recrutement d’AID, de pol II, de pol II pause et la fluctuation des marques 




����������������������������� ������������������ ����������������������������������������� ����
�
��������������� lors de la CSR la 3’RR permet l’activation de marque���������������� ���� ���
région S receveuse, l’augmen������� ��� ��� �������������� ���� ��� ������������ ��� ���� ��� ��� ���
�����������������������doubles brins par le recrutement d’AID. Une fois l’ADN clivé, la 3’RR 
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In mature B cells, class switch recombination (CSR) replaces the expressed constant Cm gene
with a downstream CH gene. How the four transcriptional enhancers of the IgH 3
0 regulatory
region (30RR) control CSR remains an open question. We have investigated IgG1 CSR in
30RR-deﬁcient mice. Here we show that the 30RR enhancers target the Sg1 acceptor region
(and poorly the Sm donor region) by acting on epigenetic marks, germline transcription,
paused RNA Pol II recruitment, R loop formation, AID targeting and double-strand break
generation. In contrast, location and diversity of Sm-Sg1 junctions are not affected by deletion
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L
ymphopoiesis is coupled with programmed accessibility
of Ig genes to transcription and to several major transcrip-
tion-dependent DNA remodelling events1,2. Multiple cis-
regulatory elements located 50 and 30 of constant (C) genes
control B-cell ontogeny (schematised in the Supplementary
Fig. 1a). Among 50 elements, the intronic Em enhancer is
reported as a master control element of V(D)J recombination3,4.
The IgH 30 regulatory region (30RR), that encompasses the four
transcriptional enhancers hs3a, hs1,2, hs3b and hs4, controls m
transcription in mature B-cells5, and is the master element
controlling conventional class switch recombination (CSR)6,7 and
somatic hypermutation (SHM)8 but without role on V(D)J
recombination9,10. CSR is a cis-deletion or trans-recombination
process that allows the Cm gene to be replaced in mice with one of
the downstream Cg3, Cg1, Cg2b, Cg2a, Ce or Ca gene. These C genes
are preceded by repetitive target sequences for CSR termed switch
(S) regions. CSR thus usually joins the most 50 S donor region (Sm)
and one of the downstream S acceptor regions (Sg3, Sg1, Sg2b, Sg2a,
Se or Sa) (schematised in the Supplementary Fig. 1a). CSR is a
complex process involving epigenetic histone modiﬁcations for
transcriptional accessibility, germline transcription, pausing of
RNA Pol II, R loop formation, AID recruitment, AID-induced
DNA double-strand breaks (DSBs) and their repair by means of
end joining11–15. CSR uses the classical non-homologous end
joining (C-NHEJ) pathway that predominantly joins ends that
lack homology (direct joints). However in C-NHEJ-deﬁcient
conditions, an alternative end-joining (A-EJ) pathway is left,
which predominantly joins ends by using short homologies found
in the proximity of broken ends (microhomology-based
repair)11,13. The 30RR is crucial for conventional CSR6,7 but its
mechanistic contribution remains enigmatic. The main
conclusions drawn from knock-out mice are that the 30RR plays
a major role in promoting synapsis between S regions targeted by
CSR16, and plays a partial role in promoting germline
transcription of S regions initiating at I promoters6,17,18.
Whether the chromatin structure of S regions or the process of
their repair after CSR are also dependent from the 30RR is
currently unknown. The IgG1 class displays a special status with
regard to 30RR mutations, since it was the only Ig class whose
expression was preserved after the ﬁrst reported partial 30RR
alterations or truncations17,18. Even after complete deletion of the
30RR, while CSR to all other class-switched Ig was nearly
abolished, residual low-level CSR to IgG1 was maintained
6.
We thus now take advantage of this preserved IgG1 switching
in 30RR-deﬁcient mice to explore whether it reveals additional
30RR-dependent mechanistic features during CSR. We report here
that, even if some IgG1 CSR still occurs, the 3
0RR defect impacts
the Sg1 acceptor region (rather than the donor Sm region) in
multiple aspects that precede CSR. This includes alterations of
epigenetic marks, germline transcription, R loop formation,
paused RNA Pol II, AID targeting, and generation of DSBs. In
contrast, once DSBs are generated, their repair is completely
normal in 30RR-deﬁcient animals. Altogether, this study precisely
maps the activity of the 30RR at the early phases of CSR, until the
generation of DSBs, and shows that it has no contribution in the
process of DNA repair between synapsed broken ends.
Results
Deletion of the 30RR impairs Cl-Cc1 CSR. The IgH Cg1 gene has
long been claimed to carry some speciﬁc regulatory elements and
notably an upstream Ig1 enhancer
19. While the IgH 30RR is the
major cis-element promoting synapsis between S regions and
recruiting AID to the IgH locus, several previous descriptions of
30RR disruptions in the mouse indicated some persistence of CSR
to Cg1
6,16–18, and we thus decided to analyse in details the
molecular features of this residual 30RR-independent CSR. We
conﬁrmed that splenocytes from 30RR-deﬁcient mice showed a
dramatically reduced ability to secrete IgG1 in vitro in response to
LPSþ IL4 (Fig. 1a), which likely results from both decreased CSR
in B-cells and the known defect of Ig secretion in plasma cells
from such mice6. Parallel ﬂow cytometry experiments evaluating
membrane IgG1 expression in B-cells conﬁrmed that the deletion
of the 30RR did not abolish but reduced by 490% in vitro IgG1
CSR (Fig. 1b). This strong but incomplete defect was also
indicated by Southern blot experiments (full blots are included in
the Supplementary Fig. 2) evaluating hybrid Sm-Sg1 junctions in
30RR-deﬁcient mice (Fig. 1c). Junctions were ﬁrst ampliﬁed using
a touch-down PCR followed with a nested PCR and revealed after
hybridization with a 32P-labelled probe. DNA from AID-deﬁcient
B-cells (devoid of any CSR) was used as germline control DNA.
The IgG1 CSR defect was also evidenced by real-time-PCR
evaluation of post-switch IgG1 transcripts (Fig. 1d). Finally,
serum IgG1 levels paralleled results obtained after in vitro
stimulation (Fig. 1e) and conﬁrmed that, altogether, the
deletion of the 30RR strongly but only partially blocks IgG1 CSR.
Intra Sl deletion in 3
0RR-deﬁcient B cells. It could be argued
that the few Sm-Sg1 joints found in 3
0RR-deﬁcient B-cells mask a
defect in end-joining that would result in aborted CSR (and,
therefore, no joint to analyse). To test this hypothesis we analysed
intra Sm deletions that frequently happen in mature B-cells during
CSR20. By using a PCR amplifying the whole Sm region followed
by Southern blotting, we checked that B-cell stimulation yielded
fragments of different lengths corresponding to partial deletion
of Sm during CSR. A similar pattern was found for both wt mice
and 30RR-deﬁcient mice (Fig. 2a), eliminating any global defect
in end joining in 30RR-deﬁcient mice and also showing that
Sm is efﬁciently targeted by the CSR machinery in stimulated
30RR-deﬁcient B cells.
Analysis of S-junctions in residual Cl-Cc1 CSR. To analyse
S-junctions, the ampliﬁed PCR Sm-Sg1 fragments were cloned,
sequenced and aligned with the germline Sm and Sg1 sequences
(Fig. 2b and Supplementary Table 2). The deletion of the 30RR
had no effect on the structure of S junctions with regards to the
relative amounts of direct joints, the frequency and length of
microhomologies and the frequency of DNA insertion at the
junction and of complex junctions. This suggests that beyond the
AID targeting, DSBs and Sm-Sg1 synapsis steps, the late CSR
resolution step is completely 30RR-independent and remains
unbiased in the choice between either the C-NHEJ or the A-EJ
pathways for repairing broken DNA ends. We then analysed
whether the absence of the 30RR enhancers affected the position
of the Sm and Sg1 breakpoints, which might indicate changes in
the targeting or the synapsis of these regions. Sm breakpoints
appeared unaltered, with the vast majority of them located in the
50 part (0–600 bp) of Sm (Fig. 3): 97% (33/34) and 91% (21/23) for
wt and 30RR-deﬁcient mice, respectively (Fig. 2c). The 30RR
deletion by contrast affected the location of Sg1 breakpoints since
94% (32/34) of breaks cloned from wt cells were located in the 30
part (0–480 bp) of Sg1, while only 65% (15/23) were included in
this segment in 30RR-deﬁcient cells. The pattern of AID targeting
that initiates the formation of DSBs is thus 30RR-independent
within Sm but partially 3
0RR-dependent within Sg1. The increased
representation of DNA breaks in the 30 part of Sg1 (4480 bp) was
not linked to the presence of microhomologous sequences:
2/4 and 6/11 direct junctions for wt and 30RR-deﬁcient mice,
respectively. We conclude that the recombination of Sm with Sg1
in 30RR-deﬁcient B cells does not depend on the presence of
microhomologous sequences and that the 30RR is not involve in
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the resolution of CSR nor in the choice between C-NHEJ and
A-EJ pathways.
Inﬂuence of the 30RR on AID recruitment during Cl-Cc1 CSR.
Before the occurrence of DSBs, CSR is initiated by AID and the
initial outcome of AID targeting can be the occurrence of base
substitutions following cytidine deamination12,14,15,21. To gain an
insight into this initial targeting, we analysed mutations in S
regions and observed that both the Sm donor and Sg1 acceptor
regions are less targeted by AID during IgG1 CSR in
30RR-deﬁcient mice as compared with wt animals (Fig. 2d).
This showed up with mutation rates falling at 55 and 30% of their
wt levels for Sm and Sg1, respectively. This observation suggests a
lower recruitment of AID in S regions in 30RR-deﬁcient animals,
which is indeed also indicated by ChIP experiments showing a
signiﬁcantly decreased AID loading at both the Sm and Sg1 regions
(after 2 days LPSþ IL4 in vitro stimulation) in 30RR-deﬁcient
mice compared with wt mice (Fig. 3a). A crucial step of CSR is
the processing of AID lesions into DSBs, as a speciﬁc feature
of S regions14,15. Ligation-mediated PCR (LM-PCR, see
Supplementary Fig. 1b) was used to highlight DSBs in Sm and
Sg1. Thus, extracted genomic DNA was treated with T4 DNA
polymerase yielding blunt DNA ends, then ligated with T4 DNA
ligase with a double-strand anchor linker22. DSBs were detected
by semi-nested PCR (primers targeting the linker sequence and a
primer speciﬁc to Sm or Sg1) followed by hybridization with a
32P-labelled probe. LM-PCR highlighted a small reduction of
DSBs in Sm but a dramatic one in Sg1 in 3
0RR-deﬁcient mice
compared with wt mice (Fig. 3b; full blots are included in the
Supplementary Fig. 2). Impaired induction of DNA lesions
during CSR was suggested in patients to inﬂuence end joining23.
It is obviously not the case in 30RR-deﬁcient mice.
The substrate for AID is single-strand DNA (ssDNA) which is
generated by germline transcription of S regions and Ig constant
regions on both the transcribed and non-transcribed strands.
Real-time PCR analysis only indicated a partial reduction of Im-Cm
and Ig1-Cg1 transcripts in 3
0RR-deﬁcient mice (Fig. 3c), as
previously suggested by semi-quantitative PCR6. This shows that
the 30RR does not promote CSR only by fostering germline
transcription. Transcription through S regions generates R loops
in which the RNA stably hybridizes to the template strands,
displacing the non-template strand as ssDNA14,15. For R loops
experiments (see Supplementary Fig. 1c), extracted DNA was
treated with bisulﬁte. Thus, only C located on ssDNA patchs (that










































































































Figure 1 | Inﬂuence of the 3’RR deletion on IgG1 CSR and secretion. (a) ELISA analysis of IgG1 in supernatants of 3 days LPSþ IL4 cultured B-cells. Data
are the mean±s.e.m. of 8 experiments with 1 mouse (Mann–Whitney U-test for signiﬁcance). (b) B splenocytes of wt and 30RR-deﬁcient mice were
isolated (upper panel) and stimulated with LPSþ IL-4 for 3 days (lower panel). Cells were labelled with anti-B220-APC antibodies and anti-IgG1-FITC
antibodies. Percentage of B220þ IgG1
þ cells is reported in the gate. One representative experiment out of four (one mouse per experiment) is shown.
(c) Southern blot analysis of Sm-Cg1 junctions ampliﬁed by PCR and hybridized with a 50Cg1 probe from 3 days LPSþ IL4 stimulated splenocytes from wt,
3’RR-deﬁcient mice and AID-deﬁcient mice. DNA from AID-deﬁcient B-cells (devoid of any CSR) was used as germline control DNA. Fifty nanograms and
20 ng of DNA were used for PCR experiments, respectively. One representative experiment out of four (one mouse per experiment) is shown. (d) Real-time
PCR analysis of post switched IgG1 transcripts in 3 days LPSþ IL4 cultured B cells. Values were normalized to Gapdh transcripts. Data are the mean±s.e.m.
of 8 to 11 independent experiments with one mouse (Mann–Whitney U-test for signiﬁcance). (e) ELISA analysis of IgG1 in 12-week-old mice sera. Data are
the mean±s.e.m. of 8 mice for each genotype (Mann–Whitney U-test for signiﬁcance).
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then ampliﬁed by PCR and sequenced to detect R loops in Sm and
Sg1 regions. As shown in Fig. 3d, the formation of R loops was
markedly altered in Sg1 region but not in Sm region of 3
0RR-
deﬁcient mice (each long line represents an independent sequence
and the small vertical bars on each line indicate a C on the
sequence converted to a T, indicating that the sequence was in a
single-strand conformation). R loops in the Sm region appear to be
even longer in 30RR-deﬁcient mice, a result that might be taken as
an indication of the reduced CSR efﬁciency due to the reduced Sg1
CSR priming. AID was shown to be in a complex with RNA Pol II
(Pol II P-ser2) and paused RNA Pol II (Pol II P-ser5)24. ChIP
experiments showed a weak decrease in the load of RNA Pol II
(but not paused RNA Pol II) in the Im–Sm–Cm region (Fig. 4a,b).
By contrast, 30RR-deﬁcient cells showed dramatically decreased
binding of RNA Pol II and paused RNA Pol II throughout the
Pg1-Ig1-Sg1-Cg1 region (Fig. 4a,b). Collectively, our data indicated
that the 30RR is of key importance for the regulation, in Sg1
region, of RNA Pol II recruitment, transcriptional activity and
pausing, that is known prerequisites of AID recruitments. The
lower accumulation of AID in the Sg1 region of 3
0RR-deﬁcient
mice translates into lower amounts of DSBs and thus reduced
efﬁciency of IgG1 CSR. Lower Sg1 RNA Pol II targeting and
Ig1-Cg1 germline transcription are also in agreement with reduced
length of Sg1 R loops. Of interest, the Sm donor region was
markedly less affected by the 30RR deletion than the Sg1 acceptor
region, suggesting that Sm is the less 3
0RR-dependent S region of
the IgH locus at both the level of transcription and AID targeting.
Reduced Sm-Sg1 CSR in 3
0RR-deﬁcient mice thus mostly involves
decreased accessibility and less frequent DSBs in the acceptor Sg1
than in the donor Sm region.
Chromatin remodelling in the absence of the IgH 30RR. Histone
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Figure 2 | Inﬂuence of the 30RR deletion on diversity and mutations of Sl-Sc1 junctions. (a) Intra Sm deletion in 3’RR-deﬁcient B cells. Splenocytes were
LPSþ IL4 stimulated for 24 or 72 h. PCR ampliﬁcation of the whole Sm region was followed by Southern blotting for detection of fragments of different
length, more abundantly after B-cell stimulation, corresponding to partial deletion of Sm during CSR. A similar pattern is found for wt and 3
0RR-deﬁcient
mice. Results from three mice out of six for each genotype are reported. (b) B splenocytes were stimulated with LPSþ IL-4 to generate Cm-Cg1 CSR. Sm-Sg1
junctions were cloned and sequenced. Percentage of junctions with insertion and junctional microhomology are indicated. Data are pooled from 6
independent experiments with 1 mouse per experiment for wt mice and 10 independent experiments with 1 mouse for 3’RR-deﬁcient mice. All junctions are
reported in the Supplementary Table 1. (c) Location of Sm-Sg1 breaks during in vitro IgG1 CSR (6 wt mice and 10 3’RR-deﬁcient mice; same junctions and mice
as in (a). (d) Number of mutations and mutation frequency in the donor region (Sm) and the acceptor region (Sg1) during Cm-Cg1 CSR. 34 wt junctions
(data are pooled from 6 independent experiments with 1 mouse per experiment) and 23 30RR-deﬁcient junctions (data are pooled from 10 independent
experiments with 1 mouse per experiment; same junctions and mice as in (b,c)).
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implicated in the targeting of the CSR machinery (including AID
and RNA Pol II) to S regions primed for CSR25–28. Altogether
with DNA transcription, this remodelling of chromatin in S
regions constitutes a hallmark of the accessibility to CSR factors.
As shown in Fig. 5, except for acetylated lysine 9 in histone H3
(H3K9ac), levels of H3 acetylation (H3ac), H4 acetylation (H4ac)
and trimethylated lysine 4 in histone H3 (H3K4me3) were not
affected by the deletion of 30RR enhancers in the Im-Sm-Cm region
during IgG1 CSR induced by LPSþ IL4 stimulation. In contrast,
H3ac, H3K4me3 and H3K9ac were dramatically lowered in the
Pg1-Ig1-Sg1-Cg1 region (while H4ac was unchanged) (Fig. 5).
Interestingly, the H3K4me3 and H3K9ac marks are required for
efﬁcient CSR and further AID recruitment27,28. As reported
above for AID and RNA Pol II, this study of the epigenetic marks
required for CSR shows that the 30RR mostly acts on accessibility
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Figure 3 | AID and CSR in 30RR-deﬁcient mice. (a) AID ChIP assays were performed with splenic B cells from 3’RR-deﬁcient and wt mice. Cells were
stimulated with LPSþ IL-4 for 2 days. Background signals from mock samples with irrelevant antibody were subtracted. Values were normalized to the total
input DNA. Data are the mean±s.e.m. of six independent experiments with two mice. *Po0.05 (Mann–Whitney U-test). (b) Ligation-mediated PCR.
Splenic B cells were stimulated with LPSþ IL-4 for 2 days. Genomic DNA from wt and 30RR-deﬁcient mice were treated with T4 DNA polymerase (T4 Pol),
ligated with T4 DNA ligase and probed for double-stranded breaks in Sm and Sg1 by semi-nested PCR. Reactions with 100 and 20 ng of DNA are shown.
Data are representative of four experiments each with one mouse per genotype. (c) Real-time PCR analysis of Im-Cm and Ig1-Cg1 transcripts in 3 days
LPSþ IL4 cultured B cells. Values were normalized to Gapdh transcripts. Data are the mean±s.e.m. of 8 to 11 independent experiments with 1 mouse
(Mann–Whitney U-test for signiﬁcance). (d) Detection of R loops in Sm and Sg1. Cells were stimulated with LPSþ IL-4 for 2 days. DNA was extracted,
bisulﬁted, treated and sequenced to detect single strand in Sm and Sg1 regions. Each long line represents an independent sequence. The small vertical bars
on each line indicate a C on the sequence converted to a T, indicating that the sequence was in a single-strand conformation. Pooled results from six
independent experiments each with one mouse per genotype.
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CSR. This suggests that a reduction in histone acetylation is
the most upstream defect after 30RR deletion. The levels of
histone acetylation are reversibly controlled by the balanced
counteraction of histone acetyltransferases (HATs) and histone
deacetylases (HDACs). Although HDAC inhibitor treatment have
been used to reverse the heterochromatin silencing of Ig
minigenes29, these drugs are potent inhibitors of the 30RR in B
cells. Thus, treatment of B cells with the HDAC inhibitor
trichostatin A represses IgH gene transcription, CSR and Ig
synthesis in B splenocytes30. We conﬁrmed that IgG1 CSR was
strongly decreased in activated B-cells treated with trichostatin A,
valproic acid or SAHA; three HDAC inhibitors (Supplementary
Fig. 3). Therefore, ChIP assays of epigenetic marks should be
preferred over HDAC inhibitor treatments to study CSR in the
IgH locus. How 30 RR recruits histone acetyltransferases (if any)
remains an open question. Studies suggested that levels of histone
acetylation in the IgH locus are predominantly controlled by
HDACs, but that the various HDACs might have opposite effects.
ChIP experiments reported HDAC1 recruitment by the central
hs1,2 enhancer of the 30RR30 and IgH transcription decreased
in HDAC1-deﬁcient chicken B cells31. By contrast, HDAC2
inhibited transcription and recombinational activities at the IgH
locus31.
Effect of the 30RR on Sc3,2b,e acceptor regions during CSR.
Other CSR-related S acceptor regions are located all along the IgH
locus (Supplementary Fig. 1a). As previously reported the 30RR
not only interacts with Sg1 but also other S regions including Sg3,
Sg2b and Se
16. We evaluated what happens for Sg3, Sg2b and Se
after appropriate in vitro CSR stimulations. Similarly to Sg1,
we found a dramatic decrease of AID, pol II, paused pol II
recruitments and H3K9ac/H3K4me3 levels in Sg3, Sg2b and Se in B
cells of 30RR-deﬁcient mice compared with wt mice (Fig. 6).
Taken altogether, these results reveal a similar mechanistic role of
the 30RR on S acceptor regions during CSR and conﬁrm its key
role on Ig production6,7.
Transcriptional proﬁles of 30RR-deﬁcient B cells. Transcrip-
tional proﬁles evidenced differences between splenic B cells of
30RR-deﬁcient and wt mice (Supplementary Table 3). Several
genes implicated in interferon-related functions, inﬂammation,
cell trafﬁcking and B-cell homing were affected in resting B
splenocytes of 30RR-deﬁcient mice (accession number GSE45230,
Gene Expression Omnibus database). Since the cis-regulatory
element 30RR is not expected to modulate genes outside the IgH
locus, these differences rather involve the recently reported
decreased accumulation of marginal zone B cells in 30RR-deﬁcient
mice32. Accordingly, functions of the affected genes ﬁt well with
roles of marginal zone B cells in infection, inﬂammation and
immunity. After 3 days LPSþ IL4 stimulation, some genes were
differentially affected (Supplementary Table 4). In relations with
the marked inﬂuence of the 30RR on histone modiﬁcations during
CSR, inhibitors of histone acetyltransferase (Anp32a, Tle1),
histone demethylase (Eco1) and histone deacetylase (Cbl-b) are
overexpressed in stimulated 30RR-deﬁcient splenocytes as
compared with wt cells. In agreement with lower frequency of
DSB, genes implicated in DSB detection and reparation were
either downregulated (Atm, Lig4) or upregulated (Parp-3, H2afx,
Ino80 and Esco1). While a direct effect of the cis-regulatory 30RR
on genes located outside of the IgH locus is unlikely, gene
variations rather appear related to incomplete CSR. Strikingly,
RNA sequencing analysis did not identify similar gene variation
in LPSþ IL4 stimulated AID-deﬁcient splenic B cells (thus
lacking any AID-mediated DNA lesions) compared with wt32.
This suggests that genes implicated in CSR repair are highly
regulated and only transiently expressed in wt cells in response
to DSBs in Sm and Sg1. AID-deﬁcient and 30RR-deﬁcient mice
carry CSR defect by completely different mechanisms, with,
respectively, a lack of DSBs (both on Sm and Sg1) or a biased
occurrence of DSBs (normally targeting Sm but not Sg1). Gene
variations in 30RR-deﬁcient mice are thus likely not reﬂecting
simply the lack of CSR per se, but rather the status of cells poised
for CSR, some of them displaying DSBs in Sm, and unable to
S"1 C"1I"1P"1I! S! C!






































































































































Figure 4 | RNA Pol II during CSR in 30RR-deﬁcient mice. ChIP assays were performed with splenic B cells from 30RR-deﬁcient and wt mice. Cells
were stimulated with LPSþ IL-4 for 2 days. RNA Pol II P-ser 2 (a). RNA Pol II P-ser 5 (b). Background signals from mock samples with irrelevant antibody
were subtracted. Values were normalized to the total input DNA. Data are the mean±s.e.m. of three experiments with two mice for each genotype.
*Po0.05 and **Po0.01 (Mann–Whitney U-test).
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efﬁciently repair these DSBs through long-range recombination
with a distant acceptor region. In conclusion, we favour the
hypothesis that persistent DNA damage in Sm would increase the
expression of genes involved in DNA-repair in 30RR-deﬁcient
B cells.
miRNA analysis in 30RR-deﬁcient B cells. If the hypothesis that
persistent DNA damages in Sm affect gene expression proﬁles in
30RR-deﬁcient B-cells is correct, variation might also be evidenced
at the miRNA level. To further explore how the 30RR deletion
impacts the activation of B cells during CSR, we measured the
expression of a panel of 84 miRNA known to be involved in
B-cell development and activation. We investigated miRNA in
LPSþ IL4 stimulated AID-deﬁcient splenic B-cells and found 18
downregulated miRNA and 2 up-regulated miRNA compared
with wt mice (Supplementary Fig. 4). In contrast, 0 miRNA were
downregulated and 11 miRNA were up-regulated in 30RR-
deﬁcient mice (Supplementary Fig. 4) compared with wt mice.
Up-regulated miRNA in 30RR-deﬁcient mice have hundreds of
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Figure 5 | Epigenetic marks (H3ac, H4ac, H3K4me3 and H3K9ac) in Sl and Sc1 during IgG1 CSR in 3’RR-deﬁcient mice. ChIP assays were performed
with splenic B-cells from 3’RR-deﬁcient and wt mice. Cells were stimulated with LPSþ IL-4 for 2 days. Background signals from mock samples with
irrelevant antibody were subtracted. Values were normalized to the total input DNA. Data are the mean±s.e.m. of three (for 3’RR-deﬁcient mice) and
six (for wt mice) independent experiments with two mice (Mann–Whitney U-test for signiﬁcance).
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predicted targets, including Atm, Ssb1, Ino80, Exo1, Smarcd1,
Dclre1b and Atmin, which have been shown to regulate DSB
resection and homologous recombination33–38, and histone
modifying enzymes Hdac9 and Esco1. Interestingly, HDAC9 is
required for DSB reparation by homologous reparation39, and its
deletion affects antibody secretion40. Altogether, this might
inhibit A-EJ, by downregulating gene implicated in micro-
homology based DSB repair (Atm, Atmin, Ssb1 and Hdac9),
and to favour NHEJ by upregulating Parp-341, and Esco1, which
inﬂuence the interaction between cohesion complex and DNA
required for efﬁcient NHEJ42,43. A-EJ has been shown to facilitate
oncogenic translocations to IgH locus and to be less restricted
to intrachromosomal joining than NHEJ20. This might be a
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Figure 6 | Epigenetic marks, AID and pol II recruitments in Sc3, Sc2b and Se during CSR in 3
0
RR-deﬁcient mice. ChIP assays were performed with splenic
B-cells from 30RR-deﬁcient and wt mice. Cells were stimulated with LPS for 2 days for Sg3 and Sg2b. Cells were stimulated with LPS±IL4 for 2 days for Se.
Background signals from mock samples with irrelevant antibody were subtracted. Values were normalized to the total input DNA. Data are the
mean±s.e.m. of three to six independent experiments with two mice for each genotype (Mann–Whitney U-test for signiﬁcance).
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which DSBs appear quite frequently while there are few in
downstream acceptor regions. In parallel, LM-PCR did not show
accumulation of DSBs in Sm in 3
0RR-deﬁcient mice, despite the
lack of complete CSR, suggesting that intraswitch junctions,
which occur normally, are the usual mean that can be used by B
cells to resolve abortive CSR issues. Finally, taken altogether
results of miRNA analysis reinforce the hypothesis that the
prolonged presence of DNA damage in Sm would affect gene
expression in 30RR-deﬁcient B-cells rather that the hypothetical
loss of 30RR trans-interactions with these genes in the nuclei.
Discussion
In the present study we show that the 30RR promotes IgG1 CSR
not only by fostering germline transcription but also histone
modiﬁcations (especially H3K4me3 and H3K9ac), formation of R
loops, loading and pausing of RNA Pol II, AID recruitment and
ﬁnally generation of DSBs in the Sg1 region, indicating that the
30RR enhancers act as soon as these initial steps of the CSR
process. In contrast to the Sg1 region, Sm appears as more or less
30RR-independent, suggesting that other regulatory elements are
required for its CSR formatting. In a previous study Wuerffel
et al.16 demonstrated with 3C assay and hs3b/hs4-deﬁcient mice
that the 30RR interacted with the Sg1 region whereas Sm was
closely associated with Em. Moreover the non conventional IgD
CSR (between Sm and a Sd-like region) occurs independently of
the 30RR7. Our study thus validates at the DNA level the
hypothesis that during CSR, the 30RR especially targets the S
acceptor region rather than the Sm donor region. Although the Em
enhancer could be proposed to support Sm accessibility when the
30RR is deleted, it is noteworthy that it is not itself mandatory for
CSR3. The 30RR-independence of Sm is also somehow striking
comparing with the known 30RR-dependence of pVH promoters
and rearranged VDJ regions with regards to AID recruitment
and SHM8. Finally, that Sg1 accessibility to CSR is only partly
altered in the absence of the 30RR allowed to study residual
CSR junctions, showing that their molecular features were
indiscernible from those of wt junctions studied in parallel.
This suggests that the 30RR contribution to CSR is restricted to
the early steps of accessibility, AID recruitment and synapsis of
target regions, but with no role in the repair and ﬁnal resolution
of CSR. Our analysis also showed that B-cells are able to
transiently modify their transcriptome and miRNome during
CSR to foster rapid and precise repair of DSBs, thus diminishing
the risk of potentially oncogenic translocation.
Methods
Mice. The 129 wt mice (from Charles Rivers Laboratories, France) and 30RR-
deﬁcient mice (from UMR CNRS 7276, Limoges, France; in a 129 background)
were used. Mice of 2-3 months old (male and female) were investigated. Our
research has been approved by our local ethics committee review board (Comite´
Re´gional d’Ethique sur l’Expe´rimentation Animale du Limousin, Limoges, France)
and carried according the European guidelines for animal experimentation.
Spleen cell cultures for CSR. Single-cell suspensions of CD43" spleen cells were
cultured 3 days at 1# 106 cells ml" 1 in RPMI 1640 with 10% fetal calf serum,
5 mgml" 1 LPS with or without 20 ngml" 1 IL-4 (PeproTech, Rocky Hill, NJ)6.
Cell cytometry analysis. Single-cell suspensions of cultured B cells were incubated
with anti-B220-SpectralRed (PC5)-labelled antibodies (Biolegends, ref:103210,
10mgml" 1 ﬁnal) and anti-IgG1-ﬂuorescein-isothiocyanate (FITC)-labelled anti-
bodies (Southern Biotechnologies, ref:107002, 10 mgml" 1 ﬁnal) and analysed on a
Fortessa LSR2 (Beckton-Dickinson)44,45.
Cloning and sequencing of Sl-Sc1 junctions. Three days in vitro stimulated
splenocytes were harvested and DNA was extracted for investigation of Sm-Sg1
junctions. Junctions were studied using a touch-down PCR followed with a nested
PCR using the following parameters: Touch-down PCR: Forward primer 50-AGA
GACCTGCAGTTGAG GCC-30 and backward primer 5-AGGATGTCCACCCT
CACCCAGGC -30 (1 cycle, 98 !C for 30 s; 2 cycles, 98 !C for 10 s, 69 !C for 30 s,
72 !C for 90 s; 2 cycles, 98 !C for 10 s, 67 !C for 30 s, 72 !C for 90 s; 2 cycles, 98 !C
for 10 s, 65 !C for 30 s, 72 !C for 90 s; 25 cycles, 98 !C for 10 s, 60 !C for 30 s, 72 !C
for 90 s 1 cycle, 72 !C for 7min). Nested PCR: Forward primer 50-CCAGCCACA
GTAATGACCCAG-30 and backward primer 50-TTGTTATCCCCCATCCTGTC
ACCT-30 (1 cycle, 98 !C for 30 s; 35 cycles, 98 !C for 10 s, 65 !C for 30 s, 72 !C for
90 s; 1 cycle, 72 !C for 7min). The PCR products were cloned into the Zero Blunt
Topo PCR cloning (Invitrogen). Plasmids were isolated using the NucleoSpin kit
(Macherey-Nagel Eurl) and sequenced using an automated laser ﬂuorescent ANA
ABI-PRISM sequencer (Perkin-Elmer).
Southern blotting of Cl-Cc1 junctions. Sm-Sg1 junctions ampliﬁed as previously
described were subjected to 1% agarose gel electrophoresis, and transferred over-
night on a positively charged Nylon hybridization membrane (MP Biomedicals). A
507 bp probe was ampliﬁed using the following primers: Forward primer 50-
GGCAGATTAGAATGAATGCACCTG-30 , backward primer 50-TTGTTATCC
CCCATCCTGTCACCT and 32P-labelled using Amersham Rediprime II Random
Prime Labelling System (GE Healthcare) according to the manufacturer protocol.
The membranes were saturated with salmon sperm DNA (4mgml" 1) and incu-
bated with the labelled probe overnight at 42!C. Membrane were then washed for
15 minutes twice at room temperature in 2X SSC bufferþ 0.1% SDS, then 5
minutes at 52!C in 0.1X SSCþ 0.5% SDS. Membranes were autoradiographed on
X50 hyperﬁlm MP (GE Healthcare) at " 80!C for 6 hours and revealed using
Carestream Kodak autoradiography GBX developer and ﬁxer (Sigma Aldrich).
IgG1 Elisa assays. Blood samples were recovered from 12 weeks-old transgenic
mice and wt controls. Serum samples were recovered by centrifugation and stored
at " 20 !C until used. B splenocytes were cultured for 3 days with LPSþ IL4. At
day 3, 1# 106 cells were cultured for 24 h in growth medium without LPSþ IL4.
Culture supernatants were recovered and stored at " 20 !C until used. Culture
supernatants and sera were analysed for the presence of IgG1 by ELISA
6,44,45.
ELISA assays were performed in polycarbonate 96 multiwell plates, coated
overnight at 4 !C (100 ml per well) with 2 mgml" 1 IgG1 (Cell Lab, ref:731863) in
0.05M Na2CO3 buffer. After three successive washing steps in phosphate-buffered
saline (PBS) buffer, a blocking step was performed (3% bovine serum albumin
(BSA) in PBS) for 30min at 37 !C. After three washing steps, 50 ml of sera (ﬁrst
diluted to 1:50), supernatants or standard IgG1 (Beckman Coulter, ref:731907,
1mgml" 1, ﬁrst diluted to 1:50) were diluted into successive wells in 1% BSA/PBS
buffer and incubated for 2 h at 37 !C. After three washing steps, 100 ml per well of
1 mgml" 1 AP-conjugated goat anti-mouse IgG1 (Southern Biotechnologies,
ref: 1070041) were incubated for 2 h at 37 !C. After washing, AP activity was
assayed on 1mgml" 1 AP substrate, and blocked with addition of 3M NaOH.
Optic density was then measured at 400 nm.
Quantitative PCR of Ic1-Cc1 and Il-Cc1 transcripts. Two days in vitro stimulated
splenocytes were collected and RNA was extracted for investigation of Ig1-Cg1
transcripts. RNA and cDNA were prepared using standard techniques.
Quantitative PCR was performed using power SYBR green (Applied Biosystems):
Ig1 forward primer: 5
0-GGCCCTTCC AGATCTTTGAG-30 ; Cg1 reverse primer:
50-ATGGAGTTAGTTTGGGCAGCA-30 . Im forward primer: 50-ACCTGGGAAT
GTATGGTTGTGGCTT-30 . Cm reverse primer 5
0-TCTGAACCTTCAAGGATGC
TCTTG-30. Ig1-Cg1 and Im-Cg1 transcripts were normalized to Gapdh transcripts
(reference Mm99999915-g1).
ChIP experiments. Splenic B cells were puriﬁed by CD43 magnetic cell sorting
from nonimmunized mice and cultured in vitro with 5 mgml" 1 LPS with or
without 20 ngml" 1 IL4 for 2 days. ChIP experiments were done essentially as
previously described8. In brief, 3# 107 stimulated B cells were cross-linked at 37 !C
for 15min in 15ml PBS with 1% formaldehyde. The reaction was quenched with
0.125M glycine. After lysis, chromatin was sonicated to 0.5–1 kb using a Vibracell
75043 (Thermo Fisher Scientiﬁc). After dilution in ChIP buffer (0.01% SDS, 1.1%
Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCl, pH 8.1, and 167mM NaCl),
chromatin was precleared by rotating for 2 h at 4 !C with 100 ml of 50% protein
A/G slurry (0.2mgml" 1 sheared salmon sperm DNA, 0.5mgml" 1 BSA, and 50%
protein A/G; Sigma). 0.3" 0.5# 106 cell equivalents were saved as input, and
3" 5# 106 cell equivalents were incubated overnight with speciﬁc or control
antibodies. Immune complexes were precipitated by the addition of protein A/G.
Cross-linking was reversed by overnight incubation (70 !C) in TE buffer with
0.02% SDS and chromatin was phenol/chloroform extracted. PCR primers used for
Q-PCR are detailed in the Supplementary Table 2. The following antibodies were
used: anti-H3K4me3 (Millipore, 07-473), anti-H3K9ac (Millipore, 06-942), anti-
H3ac (Millipore, 06-599), anti-H4ac (Millipore, 06-866), anti-RNA Pol II P-ser2
(Abcam, ab5095) and anti-RNA Pol II P-ser 5 (Abcam, ab5131). Anti-AID
antibodies were kindly provided by Dr P. Gearhart.
Ligation-mediated PCR. LM-PCR was used to highlight the presence of DSBs in
Sm and Sg1. LM-PCR experiments were schematized in the Supplementary Fig. 1b.
Splenocytes were stimulated with LPSþ IL4 for 2 days. Genomic DNA was
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extracted and treated with T4 DNA polymerase which trims back 30overhangs while
‘ﬁlling in’ 30-recessed ends, thereby yielding blunt 50-phosphorylated DNA ends.
DNA was then ligated with T4 DNA ligase with the double-strand anchor linker
BW22. DSBs were detected by semi-nested LM-PCR using BW1 primer targeting the
BW linker sequence and a primer speciﬁc to Sm or Sg1. DSB were studied after
hybridization with 32P-labelled probes located on Sm and Sg1, respectively.
R loops. R loops were analysed using bisulﬁte conversion of single-strand DNA46.
R loop experiments were schematized in the Supplementary Fig. 1c. Splenic B-cells
from wt and 30RR-deﬁcient mice were stimulated in vitro with 5 mgml" 1 LPS and
20 ngml" 1 IL4 for 2 days. DNA was extracted and puriﬁed using Phase Lock gel
(5 Prime), and digested with EcoRI (New England Biolabs) for 8 h. DNA was
bisulﬁte converted using the EpiMark Bisulﬁte Conversion Kit (New England
Biolabs). Five micrograms were incubated in Bisulﬁte mix at 37 !C for 15 h.
Converted DNA was then desulfonated and puriﬁed according to the manufacturer
protocol, and resuspended in 60 ml H2O. We made touch-down PCR reaction (One
Taq Hot start DNA polymerase, NEB) using a forward native primer and a reverse
primer designed to match the converted sequence. For Sm: forward primer 5
0-GCT
GCTCTTAAAGCTTGT AAACTGTTTCT-30 and backward primer 5-CTCACCC
CATCTCAACTACTCCAAAA TAA-30 ; (1 cycle, 94 !C for 30 s; 3 cycles, 94 !C for
15 s, 56 !C for 30 s, 68 !C for 120 s; 3 cycles, 94 !C for 15 s, 55 !C for 30 s, 68 !C for
120 s; 3 cycles, 94 !C for 15 s, 54 !C for 30 s, 68 !C for 120 s; 25 cycles, 94 !C for 15 s,
53 !C for 30 s, 68 !C for 120 s; 1 cycle, 68! for 5min). For Sg1: forward primer
50-TTCCAGATCTTTGAGTCATCCTATC-30 and backward primer 5-CACCCAT
CAACTCTA ACCATATAATATTTACTC-30 ; (1 cycle, 94 !C for 30 s; 3 cycles,
94 !C for 15 s, 52 !C for 30 s, 68 !C for 120 s; 3 cycles, 94 !C for 15 s, 51 !C for 30 s,
68 !C for 120 s; 3 cycles, 94 !C for 15 s, 50 !C for 30 s, 68 !C for 120 s; 25 cycles,
94 !C for 15 s, 49 !C for 30 s, 68 !C for 120 s; 1 cycle, 68! for 5min). The PCR
products were cloned and sequenced as described for Sm-Sg1 junctions.
Transcriptome analysis. mRNA was extracted from B220þ splenic B-cells of
30RR-deﬁcient mice and wt mice before and after 3 days LPSþ IL4 stimulation.
Microarray experiments were done in ‘Nice - Sophia Antipolis Microarray Facility’
(France). Statistical analysis was made with the Bioconductor open source software,
particularly its Limma package47–50. The microarray data presented in this
article have been submitted to the Gene Expression Omnibus database
(www.ncbi.nlm.nih.gov/geo/) under the accession numbers GSE45230.
miRNA analysis. Splenic B cells from wt, AID-deﬁcient mice and 30RR-deﬁcient
mice were stimulated in vitro with 5 mgml" 1 LPS and 20 ngml" 1 IL4 for 2 days,
and total RNA was extracted. cDNA was prepared using QIAGEN miScript II
RT kit, and expression of a panel of 84 miRNA was determined using QIAGEN
miScript miRNA PCR Array Mouse T-Cell and B-Cell activation, according to
the manufacturer’s protocol. miRNA targets predictions were made using the
http://mirdb.org/ website51.
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En plus des travaux menés sur le rôle de la 3’RR dans les processus immuns et inflammatoires 
et sur le développement des lymphomes, j’ai ���������������������������� �������������� �������
évidence du rôle de la 3’RR sur le devenir du lymphocyte B. La majeure partie des 
����������������������������������������������������������������������������������
�
L’absence de la 3’RR ne perturbe pas, de�����������������������������������������������������
ne note pas d’altération du nombre de cellule B dans la moelle, la rate et le sang�����������������
��������������������������������������������������������������������������������������������
������������ouris déficientes pour la 3’RR, aucune donné n’est disponible sur l’impact de la 
délétion de la 3’RR sur la transcription de la chaîne ��et l’expression  du pré��������������
���������������������������� ������������������������������������������������������������������
souris déficientes pour la 3’RR, aucune donnée précise n’est connue sur les compartiments 
�������������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������� ������������
��� ���� ����� ��� ����� ������������� �������� ���� ���������� ������� L’étude des compartiments 
�������������������������������������������������������������������������������������������������
��� ��������� �� �������������� ������������� ��� ����������� ������������� ������ ���� ���������
������������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������������������
C57BL6 contient plus de lymphocytes B folliculaires. Pour comprendre le rôle de la 3’RR dans 
le devenir de la cellule B nous avons étudié l’impact de sa délétion sur la transcription de la 
������� �, sur l’expression du pre������ sur l’expression du BCR et sur le ratio cellules 
���������������������������������������
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���� �������� �������� ����� ������ �������� ���� ������� ����� �� ��� ��������on des souris 3’RR 
déficientes. La délétion de la 3’RR a été réalisée sur une cellule ES de souris 129 exprimant 







entre des souris 129 et C57BL6. L’étude des souris hétérozygotes IgH a������������������������
����������������������������������������������������������������������������������������������������
�� �� ������� ��� ����������� ���������� ���������� ���� �����qu’une IgM��� ���� ������������� ���








que la délétion de la 3’RR sur l’allèle ��n’affecte pas l’expression du pre������
�
L’étude des souris hétérozygotes IgH a∆3’RR�����a montré que la transcription de l’allèle ������
�������������������������������������������������������������������������������������������������
l’allèle �� ��� ������� ���� ��������� ���� ��������� ��� ������������� ���� ����� ����� ����������
diminuées montrant que la délétion de la 3’RR affecte la transcription et l’expression du BCR 
�������������������������mparaison aucune différence n’est observée pour l’allèle ������������
��������∆3’RR�����������������
�
L’analyse des compartiments marginaux et folliculaires montre une diminution significative du 
������� ��� ��������� �� ����������� ���������� ���� ����� ����� ���� �������� �∆3’RR����� ����




BCR défavorisant le devenir d’un B de la zone ���������������������������������������������
��������������������������������������∆3’RR��∆3’RR �����������������������������������������������
la force du BCR n’est pas à l’origine de la variation observée.�
�
�������������, l’étude des souris hétérozygotes pour la 3’RR a permis de montrer que l’allèle 
����������������������������������������������������������������������������������������������
������� �� ���������� ����� ����������osseuse. Par contre, au stade B mature, l’utilisation de 
l’allèle déficient est diminuée (baisse de la transcription de la chaîne µ) conduisant à une 














www.impactjournals.com/oncotarget/ Oncotarget, Vol. 6, No.7
The IgH 3′ regulatory region governs μ chain transcription in 
mature B lymphocytes and the B cell fate
Alexis Saintamand1, Pauline Rouaud1, Armand Garot1, Faten Saad1, Claire Carrion1, 
Christelle Oblet1, Michel Cogné1,2,3, Eric Pinaud1, Yves Denizot1
1CNRS, CRIBL, UMR 7276, Limoges, France
2Université de Limoges, CRIBL, UMR 7276, Limoges, France
3Institut Universitaire de France, Paris, France
Correspondence to:
Yves Denizot, e-mail: yves.denizot@unilim.fr
Keywords: BCR, B cell fate, IgH 3’ regulatory enhancers, knock-out mice
Received: December 17, 2014    Accepted: December 21, 2014    Published: March 03, 2015
ABSTRACT
We report that the IgH 3’ regulatory region (3’RR) has no role on μ chain 
transcription and pre-BCR expression in B cell progenitors. In contrast, analysis of 
heterozygous IgH aΔ3’RR/bwt mice indicated that the 3’RR controls μ chain transcripts 
in mature splenocytes and impacts membrane IgM density without obvious effect on 
BCR signals (colocalisation with lipid rafts and phosphorylation of Erk and Akt after 
BCR crosslinking). Deletion of the 3’RR modulates the B cell fate to less marginal zone 
B cells. In conclusion, the 3’RR is dispensable for pre-BCR expression and necessary 
for optimal commitments toward the marginal zone B cell fate. These results reinforce 
the concept of a dual regulation of the IgH locus transcription and accessibility by 5’ 
elements at immature B cell stages, and by the 3’RR as early as the resting mature B 
cell stage and then along further activation and differentiation.
INTRODUCTION
Lymphopoiesis is coupled with programmed 
accessibility of Ig genes to transcription and to several 
major transcription-dependent DNA remodelling events 
[1, 2]. While 5’ cis-regulatory elements (Eμ and IGCR1) 
control V(D)J recombination [2–4], the IgH 3’ regulatory 
region (3’RR) controls class switch recombination (CSR) 
[2, 5] and IgH somatic hypermutation (SHM) [6]. B cells 
are continuously instructed by B cell receptor (BCR) 
signals to make crucial cell fate decisions at several 
checkpoints during their development [7, 8]. Such an 
important choice made by immature B cells is to become 
either a follicular (FO) or a marginal zone (MZ) B cell. 
Inluence of the BCR strength on B cell fate has been 
investigated by various experimental approaches (such 
as mutations affecting BCR components and proteins 
implicated in BCR signalling) both affecting pre-BCR 
and BCR signals and thus resulting in multiple anomalies 
at various stages of B cell maturation [7, 8]. The 
commonly accepted hypothesis is that the BCR strength 
controls B cell fate with weak BCR signalling inducing 
MZ B cell development while strong BCR signalling 
favours the development of FO B cells [7, 8]. We studied 
heterozygous IgH aΔ3’RR/bwt mice. We report that the 3’RR 
has no role on the pre-BCR expression but governs μ 
gene transcription and thus BCR expression speciically 
in mature B cells where its deletion affects the B cell fate 
toward less MZ B cells.
RESULTS AND DISCUSSION
Expression of a 3’RR-deleted allele in bone 
marrow B cells
Mouse substrains have dissimilar differentiation 
programs culminating in different B cell fate and BCR 
expression [9] (Figure 1). To assess B cell differentiation 
issues linked to genetic background, our study was carried 
out in heterozygous IgH aΔ3’RR/bwt mice, compared to wt
F1 IgH awt/bwt mice. Analysis of bone marrow B cells 
with IgM-allotype speciic antibodies indicated similar 
percentages and numbers of B cells expressing either a or b
allotype in aΔ3’RR/bwt and awt/bwt mice; as a negative control 
IgMa-expressing B cells were not detected in mice carrying 
heterozygous deletion of the Eμ region (aΔEμ/bwt) [10] 
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Figure 1: B cell fate and IgM expression in C57BL/6 and Sv/129 mice. (A) Left part - low cytometry analysis of follicular (FO) B cells 
(B220+CD21lowCD23high) and marginal zone (MZ) B cells (B220+CD21highCD23low) in spleen of C57BL/6 (IgH bwt/bwt) and Sv/129 (IgH awt/awt) wt
mice. Cells were gated on B220+ cells. One representative experiment of three Sv/129 and seven C57BL/6 mice is shown. Right part - percentage of 
splenic FO and MZ B cells. Mean ± SEM of three and seven values for Sv/129 and C57BL/6 mice, respectively. *p < 0.05 (Mann-Whitney U-test). 
(B) Left part - low cytometry analysis of B220+IgM+ B cells in spleen of C57BL/6 and Sv/129 mice. One representative experiment of three Sv/129 
and seven C57BL/6 mice is shown. Cells were gated on B220+ cells. The anti-IgM labelled antibody binds both the a and the b allotypes. Right
part - Mean IgM intensities on FO, MZ and transitional (TR, B220+AA4.1+) B cells in spleen of Sv/129 and C57BL/6 mice. Mean ± SEM of three 
and seven values for Sv/129 and C57BL/6 mice, respectively. *p < 0.05 (Mann-Whitney U-test). (C) Similar μ transcription in sorted TR, FO and 
MZ B cells of Sv/129 and C57BL/6 mice. Mean ± SEM of 5 mice. Values were normalized to GAPDH transcripts. (D) Flow cytometry analysis of 
FO and MZ B cells in spleen of homozygous 3’RR-deicient mice (IgH aΔ3’RR/aΔ3’RR) and Sv/129 (IgH awt/awt) mice. Cells were gated on B220+ cells. 
One representative experiment out of six is shown. (E) Percentages of splenic TR, FO and MZ B cells in 3’RR-deicient mice and Sv/129 mice. 
Mean ± SEM of six mice. *p < 0.001 (Mann-Whitney U-test). (F) Real time PCR analysis of primary IgH transcripts in sorted FO and MZ B cells of 
3’RR-deicient mice and Sv/129 mice. Mean ± SEM of ive mice. *p < 0.05 (Mann-Whitney U-test). Values were normalised to GAPDH transcripts.
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(Figure 2A and 2B). The mean membrane IgMa (but not 
IgMb) density was reduced in heterozygous aΔ3’RR/bwt  
compared to awt/bwt mice (Figure 2C). Analysis of 
immature B220+AA4.1+ B cells indicated a slight increase 
of the percentage (but not the numbers) of cells expressing 
the a allotype in heterozygous aΔ3’RR/bwt mice (Figure 2D). 
A decreased membrane IgMa (but not IgMb) density was 
found in heterozygous aΔ3’RR/bwt mice compared to awt/bwt 
mice (Figure 2E). Finally, real time PCR analysis indicated 
a reduced transcription of the a allele (but not b) in 
B220+AA4.1+ sorted B cells from aΔ3’RR/bwt mice compared 
to awt/bwt mice (Figure 2F). Taken altogether these results 
are indications that the 3’RR-deicient allele underwent 
V(D)J recombination at a rate and a timeframe similar to 
the wt allele. Indeed any delay in IgH chain expression 
from the mutated allele would be expected to result in 
unbalanced expression of IgH alleles in immature B cells 
from heterozygous mice (as found with the aΔEμ allele) 
[10]. Bone marrow IgMaΔ3’RR B cells had a lower IgH 
transcription and membrane IgM expression conirming 
an early 3’RR transcriptional control immediately after the 
pre-B cell stage [11]. The slight accumulation of newly 
formed IgMaΔ3’RR B cells may imply a B cell fate decision 
defect.
Expression of a 3’RR-deleted allele in peripheral 
B cells
In contrast to bone marrow B-lineage cells, a strong 
disadvantage of the mutated a allotype inally manifested 
in mature splenic B cells of IgH aΔ3’RR/bwt mice (Figure 
3A–3C). This precisely identiied the transition from 
immature to mature B cells as the time point where 
the 3’RR-deiciency altered B cell differentiation and 
introduced a biased representation of the mutant IgH 
allele. In aΔ3’RR/bwt mice, proportion (but not numbers) 
of splenic IgMaAA4.1+ transitional (TR) B cells was 
increased when compared to awt/bwt mice (Figure 3D, left 
part). Deletion of the 3’RR had no effect on FO B cells 
(B220+CD21lowCD23high) (Figure 3D, middle part) while a 
marked reduction of MZ B cells (B220+CD21highCD23low) 
was found (Figure 3E, right part). The mean IgMa (but 
not IgMb) intensity was signiicantly reduced in aΔ3’RR/
bwt compared to awt/bwt mice in TR, FO and MZ B cells 
(Figure 3E). Real time PCR analysis showed a reduced 
IgMa (but not IgMb) transcription in sorted TR, FO and 
MZ B cells from aΔ3’RR/bwt (Figure 3F). Thus, deletion of 
the 3’RR affected membrane IgM expression in mature B 
cell and the B cell fate toward the MZ phenotype. These 
results markedly contrast with the lower FO phenotype 
resulting from hypomorphic expression of either Igα 
or of an IgH-chain allele, both affecting pre-BCR and 
BCR expression and resulting in multiple anomalies at 
various stages of B cell maturation [12, 13]. The cell fate 
decision made by immature B cells to become a FO or a 
MZ B cell is controlled by the BCR strength [7, 8]. We 
investigated BCR signalling in homozygous aΔ3’RR/aΔ3’RR
mice that had lower levels of MZ B cells and IgM density 
than in awt/awt Sv/129 mice (Figure 1). Engagement of 
BCR with anti-IgM stimulation eficiently induced the co-
localisation between BCR and lipid rafts in 3’RR-deicient 
splenocytes (Figure 4) that is a prerequisite for an eficient 
BCR signalling [14, 15]. We show that surface Ig cross-
linking induces amounts of BCR signalling (Erk and 
Akt phosphorylations) in 3’RR-deicient B cells without 
obvious differences to wt mice (Figure 4).
CONCLUSION
Deletion of the 3’RR had no impact on bone marrow 
B cell populations on the use of a 3’RR-deicient allele 
in competition with a wt allele. This reinforced studies 
highlighting the key role of 5’ IgH locus regulatory 
elements in recombination and transcription at immature 
stages leading to pre-BCR expression [2, 3, 10, 16]. In 
contrast, a late developmental defect appears in peripheral 
B lymphocytes with an impact of the 3’RR deletion on 
IgH chain expression. Whether several models reported 
that lowered tonic BCR signalling alters B cell fate by 
favouring the development of MZ B cells in the detriment 
of FO B cells [7, 8], other studies do not [17, 18]. We 
show that deletion of the 3’RR lowered IgH transcription, 
BCR density, and BCR signalling with consequences on 
B cell fate, disadvantaging MZ subset in favour to FO 
B cells. This suggests that B cell fate might not be only 
governed by the BCR tonic signal but relies on ine IgH 
chain tuning, by multiple regulatory elements including 
the 3’RR, at speciic stages of B cell development. While 
5’ IgH elements solely control IgH (and thus pre-BCR) 
expression at immature stages, the 3’RR comes into IgH 
(and thus BCR) transcriptional control in mature B cells.
MATERIALS AND METHODS
Mice
Our research has been approved by our local ethics 
committee review board (Comité Régional d’Ethique 
sur l’Expérimentation Animale du Limousin, Limoges, 
France) and carried according the European guidelines for 
animal experimentation. The disruption of the 3’RR was 
carried out in a Sv/129 embryonic stem cell line [5]. Mice 
were bred and maintained under speciic pathogen-free 
conditions. Age-matched littermates (8 weeks old) were 
used in all experiments.
Cell cytometry analysis
Cells were incubated with anti-B220-BV510,
anti-CD21-BV650, anti-CD23-PC7, anti-IgM-APC, anti-
IgMa-FITC, anti-IgMb-PE, anti-CD19-APCH7 and anti-
AA4.1-APC antibodies (Southern Biotechnologies and 
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Figure 2: Expression of a 3’RR-deleted allele in bone marrow B cells. (A) Flow cytometry analysis of IgMa and IgMb on B220+
bone marrow cells of heterozygous aΔ3’RR/bwt, awt/bwt and aΔEμMARs/bwt mice. One representative experiment out of ten is shown for aΔ3’RR/bwt
and awt/bwt mice. One representative experiment out of four is shown for aΔEμMARs/bwt mice. Cells were gated on B220+ cells. (B) Percentages 
(left part) and numbers (right part) of B220+ bone marrow B cells expressing the a or b allele in aΔ3’RR/bwt, awt/bwt and aΔEμMARs/bwt mice. 
Mean ± SEM of ten aΔ3’RR/bwt mice, ten awt/bwt and four aΔEμMARs/bwt mice. Millions of bone marrow B cells are reported. *p < 0.05 (Mann-
Whitney U-test). (C) IgMa and IgMb luorescence intensity on B220+ B cells of aΔ3’RR/bwt and awt/bwt mice. Mean ± SEM of ten mice. **p < 
0.01 (Mann-Whitney U-test). (D) Percentages (left part) and numbers (right part) of B220+AA4.1+ bone marrow B cells in aΔ3’RR/bwt and awt/
bwt mice. Mean ± SEM of ten mice. **p < 0.01 (Mann-Whitney U-test). (E) IgMa and IgMb luorescence intensity on B220+AA4.1+ bone 
marrow B cells in aΔ3’RR/bwt and awt/bwt mice. Mean ± SEM of ten mice. **p < 0.01 (Mann-Whitney U-test). (F) Real time PCR analysis 
of μ membrane transcripts in sorted B220+AA4.1+ bone marrow B cells of aΔ3’RR/bwt and awt/bwt mice. Values were normalized to GAPDH 
transcripts. Mean ± SEM of six mice. *p < 0.05 (Mann-Whitney U-test).
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Figure 3: Expression of a 3’RR-deleted allele in splenic B cells. (A) Flow cytometry analysis of IgMa and IgMb in spleen of heterozygous 
aΔ3’RR/bwt, awt/bwt and aΔEμMARs/bwt mice. One representative experiment out of ten is shown for aΔ3’RR/bwt and awt/bwt mice. One representative experiment 
out of four is shown for aΔEμMARs/bwt mice. Cells were gated on B220+ cells. (B) Percentages (left part) and numbers (right part) of B220+ splenic B 
cells expressing the a or b allele in aΔ3’RR/bwt, awt/bwt and aΔEμMARs/bwt mice. Mean ± SEM of ten aΔ3’RR/bwt mice, ten awt/bwt and four aΔEμMARs/bwt mice. 
Millions of splenic B cells are reported. The signiicance is for IgMa cells in the right part. *p < 0.05, **p < 0.01, **p < 0.01 (Mann-Whitney U-test). 
(C) Flow cytometry analysis of follicular (FO) B cells (B220+CD21lowCD23high) and marginal zone (MZ) B cells (B220+CD21highCD23low) in aΔ3’RR/
bwt and awt/bwt mice. One representative experiment out of ten is shown. Cells were gated on B220+ cells. (D) Percentages and numbers (in millions) 
of TR (AA4.1+), FO and MZ B cells in aΔ3’RR/bwt and awt/bwt mice. Mean ± SEM of ten mice. Million numbers of cells are reported. The signiicance 
is for MZ IgMa cells in the right part. **p < 0.01 (Mann-Whitney U-test). (E) IgMa and IgMb densities on TR, FO and MZ B cells in aΔ3’RR/bwt 
and awt/bwt mice. Mean ± SEM of ten mice. *p < 0.05, **p < 0.01 (Mann-Whitney U-test). (F) μ transcription in sorted TR, FO and MZ B cells of 
aΔ3’RR/bwt and awt/bwt mice. Mean ± SEM of 6 mice. Values were normalized to GAPDH transcripts. *p < 0.05, **p < 0.01 (Mann-Whitney U-test).
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Figure 4: BCR signalling response in 3’RR-deicient B splenocytes. (A) BCR and lipid rafts colocalization experiments. 3’RR 
deicient mice (aΔ3’RR/aΔ3’RR) and Sv/129 wt mice (awt/awt) were investigated. CD43− B cells were stained with cholera toxin Alexa 488 followed 
by stimulation with anti-IgM Alexa 594 labelled antibodies. Arrows point to areas where lipid rafts colocalise with membrane BCR. One 
representative experiment out of four is shown. (B) BCR signalling in 3’RR-deicient mice. CD43− splenic B cells (3 × 106 cells/ml)  
from wt Sv/129 mice (awt/awt) and 3’RR-deicient mice (aΔ3’RR/aΔ3’RR) (were stimulated with 15 μg/ml of anti-IgM at 37°C for 10 min. 
Western Blot experiments were performed with 30 μg of proteins. Actin was used as an internal loading control. phosphor-Akt and Akt 
were investigated with speciic anti-phosphor-Akt and anti-Akt antibodies, respectively. One representative experiments out of 3. Relative 
intensity of phosphor-Akt bands were related to Akt and actin bands (located in D). (C) phosphor-Erk and Erk were investigated with 
speciic anti-phosphor-Erk and anti-Erk antibodies, respectively. One representative experiments out of 3. Relative intensity of phosphor-
Erk bands were related to Erk and actin bands (located in D). (D) Total phosphor-Tyr was investigated with speciic anti-phosphor-Tyr 
antibodies. One representative experiments out of 3. Relative intensity of phosphor-Tyr bands were related to actin bands. No signiicant 
differences for p-Akt, Akt, p-Erk, Erk and p-Tyr between 3’RR-deicient mice and wt mice (Mann-Whitney U-test).
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Beckton Dickinson) and analysed on a Fortessa LSR2 
(Beckton Dickinson) [19–21]. Heterozygous IgH aΔ3’RR/bwt 
mice generated by crossing homozygous 3’RR-deicient 
mice (IgH aΔ3’RR/aΔ3’RR) with C57BL/6 mice (IgH bwt/bwt) 
were investigated. Mixed Sv/129 × C57BL/6 mice (IgH 
awt/bwt) were used as control mice.
Transcript analysis
Bone marrow B220+AA4.1+IgMa+ and B220+ 
AA4.1+IgMb+ cells were sorted with speciic anti-B220, 
anti-IgMa, anti-IgMb and anti-AA4.1 labelled antibodies 
using a BD FACSAria III. Splenic follicular (FO) B cells 
(B220+CD21lowCD23high), marginal zone (MZ) B cells 
(B220+CD21highCD23low) and transitional (TR) 
B cells (B220+AA4.1+) were sorted with speciic 
anti-B220-, anti-CD21-, anti-CD23 and anti-AA4.1 
labelled anti bodies. Total RNA was extracted and real time 
PCR was performed in duplicate by using TaqMan and 
SYBR assay reagents and analysed on an ABI Prism 7000 
system (Applied Biosystems) [22]. μ membrane forward 
(in exon μ 4): 5฀-TGGAACTCCGGAGAGACCTA-3฀; 
μ membrane reverse (in exon μ membrane 1): 
5฀-TTCCTCCTCAGCATTCACCT-3฀. GAPDH was used 
for normalization of gene expression levels (reference 
Mm99999915-g1). Heterozygous IgH aΔ3’RR/bwt mice and 
mixed Sv/129 × C57BL/6 mice (IgH awt/bwt) were used for 
cell sorting experiments.
Western blot analysis
CD43− B splenocytes (15 × 106) were stimulated 
with 15 μg of goat anti-mouse κ (Southern Biotech) for 
10 min at 37°C. Cell lysates (30 μg) were analysed by 
SDS-PAGE and transferred onto polyvinylidene diluoride 
membranes (Millipore) as previously reported [22, 23]. 
After blocking, membranes were incubated with anti-
phosphor-Tyr (Cell signalling), anti-phosphor-Erk (Cell 
signalling), anti-Erk (Cell signalling), anti-phosphor-Akt 
(Cell signalling), anti-Akt (Cell signalling) and anti-actin 
antibodies (Sigma), and revealed with HRP-labelled goat 
anti-rabbit Ig (Biorad) by chemoluminescence (ECL plus, 
Amersham). Results were analysed with the Java-based 
image processing program ImageJ that can calculate area 
and pixel value statistics of user-deined selections and 
intensity thresholded objects. Homozygous IgH aΔ3’RR/
aΔ3’RR and Sv/129 mice (IgH awt/awt) were used for western 
blot experiments.
Lipid raft aggregation
For BCR and lipid raft colocalization experiments, 
splenic B cells were puriied by hypotonic lysis of red 
blood cells followed by incubation with anti-CD43-
coated MicroBeads (Miltenyi Biotec), which bind to all 
splenic cells except resting mature B cells. B cells were 
obtained by passing the cells through a negative depletion 
column attached to an OctoMACS magnet (Miltenyi 
Biotec). 1 × 106 CD43− B splenocytes (100 μl) were 
stained with 80 ng of cholera toxin B, a marker of lipid 
rafts, conjugated to Alexa 488 and 20 μg of goat anti-
mouse IgM conjugated to Alexa 594 (Molecular Probes) 
for 30 min on ice then 5 min at 37°C for the stimulated 
conditions. Cells were then ixed with 4% PFA. For 
non stimulated conditions cells were incubated 30 min 
with an anti-IgM-PE on ice and analysed with a Zeiss 
LSM 510 META confocal microscope. Homozygous 
IgH aΔ3’RR/aΔ3’RR and Sv/129 mice (IgH awt/awt) were used
for experiments.
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�����������������������������������������������de la 3’RR ������������������������� ���������
���������������������������������������������������������������������������������������������
����������������������������������. L’effet régulateur de la 3’RR sur les oncogènes ������������
��������������������� ���������������������������������������������������������������������������
���� �’un point de vue théorique, l’inhibition de la 3’RR pourrait� �������� ���� ����������
�����������������������raitement d’une grande gamme de�����������������������������������
�����������������������������������������������������������
�
��� ��������������������������������la 3’RR ��������������������d’engendrer une réaction 
����������������������������� ��
��� �a 3’RR influence������������������������������������
�
��� �������� �� ��� ��������� ��������� ���� ���� ��������� ��� �� l’absence� de la 3’RR affecte 
marginalement la formation d’ascite chez les souris BALB/c en réponse au pristane. ���
�����������������������du liquide d’ascite et sa cinétique d’apparition sont identiques à celles 
���������� �������������������������������������������������������������������������������������
le liquide d’ascite ������� ������� ���������� ������� ����α et interféron�γ) est quasimen��
������������������������������������������������� ��������t qu’une 3’RR fonctionnelle semble 
������������ ��� ������������ ��������� ���� ��������� �������� ����� ��� ��� ��������� ��������������
�������� ���� ��� ���������� ���� ������������������� ���������� ���� ��� ��������� ���� ��������� �� ��
�����������» vers les différentes isotypes d’Ig est dispensable à son développement. En outre 
�����������������������������������������������������������������������������������������
������������������������������ sur le rôle de la 3’RR������������������» et la synthèse d’Ig.�
�
�������������
L’inflammation en réponse au pristane est limitée à la cavité péritonéale. Il serait intéressant �
�� �������������: de tester d’autres modèles de réactions inflammatoires.�
�� ���������������d’étudier le rôle de la 3’RR dans la formation de granulomes.�
Des études ont montré que l’injection de pristane par une voie intrapéritonéale induit en 3 
���������������������������������������������������������������������������������������������







�������� ��� ��� ���������� ���� ����������� ��������� ��� ���� ����������� ��� ��� ���������� ����
������������������������� ��������� ����� ������������ �������� ��� ����� ���� ���������������� ���
����������� ��� ��� ���������� ���� ����� ������ ��� ��������������� ����� �� ���� ����������� ����� ���
�������������
Des résultats préliminaires montrent que la délétion de la 3’RR affecte l’apparition des 
����������� ��������� ��� �������������� ���� ������������ �� ���� ������� ������� ����������
L’analyse par cytométrie en flux de la composition cellulaire des granulomes dans les souris 













���� ������� ������� ��������� ����� ���� et déficientes pour la 3’RR� ���� ���� ����� ���� ��� ��� ��������� ���� �����
intrapéritonéale. Ces souris, avant le sacrifice, ont reçu une injection d’encre de chine pour mieux visualiser les 
������������ ����������� ��� ������ ����������� ������������� �� ���� ������� ��� �������������� ���� �������� ���������
��������������������������������������������������������: L’analyse par cytométrie en flux montre des cellules T 
�����������������������������������������������������������������������������������������������������������







���������������������������������������������������������������������������L’absence de la 3’RR 
chez les souris Igλ�Myc n’a pas d’effet direct sur �����������������������������������������
�������� ���������� �����������������������������������������������������������������������
�����������������������������������������������������������������������������������������
�����������������������������������se de maturation dans les cellules B déficientes pour la 3’RR 
�����������������������������������������������������������������������������������������������






Igλ�����sauvages ainsi que déficientes pour la 3’RR sont non mutés dans les régions V(D)J. Il 
serait intéressant de regarder la présence de mutations dans d’autres gènes cibles d’AID comme 
��������������������������������������������������������������������������������������������
de savoir si la 3’RR participe à l’émergence de lymphomes par l’intermédiaire de mutations 





����������������������������������est augmenté chez les souris Igλ����������������������
3’RR. I�����������téressant d’étudier plus précisément le rôle de la 3’RR sur la maturation des 
��������� �� ����� ��� ��� ����� ��� ��� ��������� ��� �������� ����� ���� ������ ��� �������������� ����
lymphocytes B déficients pour la 3’RR. ��������������������������������������������������������
������������������3’RR lors de� ���������������������������������������������������������������
��������������������������l’article 4�» sur le rôle de la 3’RR sur le devenir du lymphocyte B. 
Nous étudierons l’impact de la délétion de la 3’RR chez les s�������������������������∆3’RR�����
��������������������������������������������������������������������������������������������
�������������������� ��������������������� ����������������������������������������������������������
���� ��������������������������������������� ���� ��������������������������������
����������������������������������������������������������������������������������������
savoir si la 3’RR régule de la même façon le devenir des cellules B CD5������������
���
�
���� ������������ ���� ��������� ���� connaissances sur le rôle potentiel de la 3’RR dans la 
lymphomagenèse. Cependant si l’utilisation d’un transgène est une méthode simple et efficace 
pour étudier une dérégulation oncogénique, elle n’est pas la plus physiologique. L’insertion de 
�������������������������������������������������������������������������������������������������
����������� ������ ��� ����� ��� ���� �� �������������� �� ����� �������� ��� ����� ���� ��������� ����
�������������������� ������������������������������������� ��������������������������������������
��, induit après quelques mois, l’apparition de lymphomes B matures. Il serait intéressant de 
�������������������les interactions transcriptionnelles entre, d’une part, E��et la 3’RR dans un 
�������������������������ique et, d’autre part, les interactions entre l’oncogène transloqué avec 
���et la 3’RR. Pour ce faire, trois lignées transgéniques vont être développées au laboratoire. 
Elles consistent en l’insertion de c������������������������������������������������������������
���ou la 3’RR �����������. Les cellules embryonnaires murines portant la délétion de la 3’RR 
��������������������������������ou d’E������������������������� ���������������������� ���������
������������������myc au locus IgH pour voir l’impact exact �������������������et 3’RR sur la 
����������������� ��myc et l’émergence de lymphomes. Nous pourrons ainsi répondre à des 
���������� ������������ ������ �� L’absence de E�� ou de la 3’RR modifie�������� ��� ����������
d’apparition des lymphomes B? L’absence de E�� ou de la 3’RR modifie�������� ��� ���������� ����
������������������ �����������B, B immature, B mature, plasmocytaire)? L’absence d’E�������� ���
3’RR modifie���elle l’index de prolifération et les signatures transcriptomiques et mutationnelles des 
�����������������������������������et la 3’RR en condition normales et leucémiques? L’absence 
�����������������elle le fonctionnement de la 3’RR et réciproquement? Ce projet permettra la mise au 
������������������������� ������������������������������������������������3’RR et ouvrira un nouveau 
����������������������������������������������������������������������� ��������������������������
de l’une ou l’autre de ces entités activatrices (ou un arrêt de leur coopération) pourrait se révéler une 
������������������������r le traitement de certains lymphomes. Notre hypothèse est qu’E��et la 3’RR 
������������������������������������������������������������������������������������������ ���������������
�� ����� ������������� �� ������������� ��� ������������ ���� ���������� ��������� �������� ���� ���� ����������
activatrices de ces deux éléments. Ainsi l’histone déacétylase HDAC1 est recrutée par la 3’RR et son 
����������������������������������������������������������������et de la 3’RR, confirmant le lien entre la 
3’RR et la modification�����������������������������������������������������������������������������
diminue la transcription au locus IgH en diminuant spécifiquement l’activité transcriptionnelle des 
������������et 3’RR �������������������Le ciblage spécifique de la 3’��������������������������������










(µ, δ, γ1, γ2a, γ2b, γ3, ε et α)����������������������������������els 5’Eµ et 3’RR repartis sur 30������������������
l’échelle). ����������������������������» de l’oncogène c��������������������������������������������������������

















































La 3’RR est capable de déréguler c�myc et d’induire l’apparition de lymphomes matures 
��������������������������De même, plusieurs études ont rapporté les interactions entre la 3’RR 
et des oncogènes transloqués au locus d’IgH. L’inhibition de la 3’RR pourrait être une stratégie 
�������������������������������������������������� � ��������������������������������������������
les réponses immunes et inflammatoires normales. L’analyse des souris BALBc/3’RR�
déficientes a montré qu’en absence de la 3’RR, des réactions inflammatoires et immunes ������
���������en réponse au pristane. Ceci renforce l’hypothèse que le ciblage de la 3’RR pourrait 
���� ��� �������� �������������������������� ������������ ������������������ ��������������� ���
















































30RR targeting in lymphomagenesis: a promising
strategy?
Alexis Saintamand, Faten Saad, and Yves Denizot*
CNRS UMR 7276; CRIBL; Universit!e de Limoges; Limoges, France
During precursor B-cell differentia-
tion, heavy (H) and light chain genes of
an immunoglobin (Ig) molecule are
somatically assembled from germline
DNA. This V(D)J recombination process
occurs in the bone marrow prior to anti-
genic challenge (Fig. 1). In germinal cen-
ters, variable (V) regions become the
target of somatic hypermutation (SHM)
in activated B-cells generating high-afﬁn-
ity Ig (Fig. 1). In mature B-cells, class-
switch recombination (CSR) deletes the
constant (C) m region and replaces it
with a downstream CH gene. This ena-
bles B-cells to express various Ig isotypes
without affecting antigen speciﬁcity
(Fig. 1). Once activated, B-cells differen-
tiate into Ig-secreting plasma cells. Dur-
ing B-cell development, V(D)J
recombination, SHM, CSR and Ig syn-
thesis are coupled with transcriptional
accessibility of the IgH loci. IgH tran-
scription is controlled by complex func-
tional interactions of multiple enhancers,
promoters and insulators spread among
the 2.5 megabases of the locus. Among
them, the 30 regulatory region (30RR)
stands out as a major player during late
stages of B-cell maturation (i.e., SHM,
CSR and Ig synthesis).1,2
Ongoing recombination and mutation
all along B-cell development make the
IgH locus a hotspot for translocations.
Numerous lymphomas are marked by
proto-oncogene translocation into the
IgH locus. Cyclin D1 and Bcl-2 transloca-
tions, found respectively in mantle cell
lymphoma and follicular lymphoma, take
place during the V(D)J recombination.
Cyclin D1/D3 or c-maf translocations
observed in myeloma are obviously linked
to CSR. c-myc translocation, the typical
hallmark of Burkitt lymphoma, is linked
to SHM or CSR. The mouse 30RR,
located downstream of the IgH Ca gene,
shares a strong structural homology with
the regulatory regions located downstream
of each human IgH Ca gene (Ca1 and
Ca2). Mouse models exploring the role of
the 30RR in B-cell physiology and in B-
cell malignancies should provide useful
indications about the pathophysiology of
human B-cell proliferations. Convincing
demonstration of the key contribution of
the 30RR in mature B-cell lymphomagen-
esis has been done by transgenic animal
models. c-myc-30RR transgenics developed
Burkitt lymphoma-like proliferation,3 and
the knock-in of a 30RR cassette upstream
of the endogenous c-myc gene induced B-
cell lymphomas.4 Interestingly the pheno-
type of lymphoproliferations induced by
the c-myc-30RR transgene is affected by
the presence of associated mutations in
key cell cycle dependent genes such as p53
or Cdk4.5
Knock-out models have clariﬁed the
functions of the 30RR as essential for
high-rate IgH transcription at the plasma
cell stage.2 30RR may thus be a potent
activator of IgH-translocated oncogene
transcription, even when the breakpoints
lie several hundred kb away from the
30RR. Long-range interactions between
the 2 regions of chromatin, through for-
mation of a loop structure, constitute an
important mechanism of normal and
abnormal gene transcription regulation
by the 30RR. Studies have reported inter-
actions between the 30RR and the IgH
variable region in normal and lymphoma-
genetic contexts. Therefore, targeted inhi-
bition of the 30RR could theoretically
provides a therapeutic strategy for the
treatment of a wide range of mature B-
cell lymphomas. However, the ﬁrst step
before considering the 30RR as a potential
suitable target for anti-lymphoma phar-
macological therapy is to demonstrate the
innocuousness of such an approach, and
notably the absence of potent adverse
effect on normal immune and inﬂamma-
tory B-cell mediated responses. Induction
of negative alterations on the physiologi-
cal anti-lymphoma immune or inﬂamma-
tory networks would be obviously a
counterproductive approach. We have
recently tested this prerequisite by investi-
gating the in vivo pristane-induced
inﬂammatory response in 30RR-deﬁcient
BALB/c and wt BALB/c mice.6 The lack
of the 30RR in BALB/c mice has no sig-
niﬁcant effect on the incidence, the
kinetic of development and the cellular
composition (IgMCIgDC B-cells, CD4C
T cells, CD8C T cells, monocyte/macro-
phage cells) of peritoneal ascites. More-
over ascite pro- and anti-inﬂammatory
cytokine levels (IL-6, IL-21, IL-12/23,
TNF-a IL-10, interferon-g) are unaf-
fected by the 30RR-deﬁciency. Thus, a
fully functional 30RR is dispensable for
the efﬁcient recruitment of immune cells
and the development of a normal inﬂam-
matory response in the in vivo pristane-
induced inﬂammatory model.
In conclusion, the 30RR is considered
as a major lymphoma oncogene deregula-
tor,3-5 and its deletion has no effect on
immune and inﬂammatory responses in
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the pristane mouse model. It is, thus,
tempting to speculate that the 30RR
might be considered as a potential suit-
able target for anti-lymphoma pharma-
cological therapy without signiﬁcant
impact on the normal immune and
inﬂammatory networks. Previous results
have reported that the 30RR is a sensi-
tive immunological target and that
30RR activation and transcriptional
activity can be altered by a diverse range
of chemicals, including ones with anti-
carcinogenic properties such as isothio-
cyanates,7 strengthening the hypothesis
that altering 30RR activity by chemicals
could modulate the occurrence and
severity of lymphomas. A limitation of
the pristane mouse model is that inﬂam-
mation is restricted to the peritoneal
cavity. It is of evidence that other
mouse models of inﬂammatory reactions
must be tested before deﬁnitive valida-
tion of this hypothesis. Finally given the
strong sequence homology between
human and mouse 30RR enhancers,
mouse models could reveal useful tools
for an in vivo study of lymphoma treat-
ments based on IgH 30RR down-
regulation.
Disclosure of Potential Conﬂicts of Interest
No potential conﬂicts of interest were
disclosed.
Figure 1. DNA recombination and mutations occur during B-cell maturation. RAG-induced (during
VDJ recombination) and AID-induced (during CSR and SHM) DNA breaks are potential sites of onco-
gene translocations. The IgH 30RR may act as an oncogene deregulator by its long range transcrip-
tional activity. Targeting 30RR transcriptional activity might be a therapeutic strategy for the
treatment of mature B-cell lymphomas.
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Les souris Igλ�Myc ont permis de mettre en évidence le rôle potentiel de la 3’RR dans la 
��������������������������������������������������������������������������������������������
�����ci, des mutations additionnelles dépendantes de la 3’RR, se produiraient conduisant à 
l’émergence de lymphomes B matures.�
�
En plus des travaux menés sur le rôle de la 3’RR dans les processus immuns et inflammatoires 
et sur le développement des lymphomes, j’ai également participé, durant ma thèse, à la mise en 












































A new 30RR regulatory role during
lymphomagenesis
Alexis Saintamand, Faten Saad, and Yves Denizot*
UMR CNRS 7276; CRIBL; Universit!e de Limoges; France
During B-cell ontogeny and matura-
tion, Ig loci undergo successive tran-
scription coupled remodeling events: V
(D)J recombination and class switch
recombination (CSR) for the IgH locus,
and VJ recombination for IgL loci.
Both loci also undergo somatic hyper-
mutation (SHM) to improve antibody
afﬁnity. RAG-mediated V(D)J recombi-
nation occurs during the early antigen-
independent step of B-cell development.
AID-mediated CSR and SHM occur
later, and require interaction with cog-
nate antigen. These transcription-
induced events involve a succession of
DNA breaks and repairs, and thus rep-
resent potentially oncogenic events,
hence implying a strict regulation. Ig
cis-regulatory elements and especially
transcriptional enhancers are major
locus regulators. While 50 cis-regulatory
elements (Em and Eki for IgH and Igk
locus, respectively) control V(D)J
recombination, SHM is controlled by
the IgH 30 regulatory region (30RR)1
(for IgH locus) and the 30Ek (for Igk
locus). The 30RR is also the master reg-
ulator of CSR.2 Although less docu-
mented, transcriptional enhancers are
present in the Igl locus.3 Chromosomal
translocations linking oncogenes to
these elements are implicated in various
B-cell malignancies.3-5
If the deregulation of the translo-
cated oncogene by enhancer elements
located in cis was extensively studied,4,5
little is known about a potential trans
effect of the Ig enhancers, for example
the role of the IgH 30RR on lympho-
magenesis caused by an oncogene
translocation to the IgL locus. Indeed,
studies have shown that deletion of the
30RR modulates the B-cell fate by low-
ering the BCR signaling,6 which is of
key importance in B-cell malignancies.
We recently studied the impact of the
absence of the 30RR in mice carrying a
transgene mimicking the translocation
of c-myc under the transcriptional con-
trol of the Igl enhancers.7 Our results
indicate a wide alteration of B-cell lym-
phoma phenotypes. While wt mice
indifferently develop mature or imma-
ture lymphomas, 30RR-deﬁcient mice
exhibit a strong preference for imma-
ture lymphomas. Furthermore, 30RR-
deﬁciency leads to a lowered frequency
of CD43C activated mature B-cell lym-
phomas and to an increased frequency
of CD5C B-cell lymphomas. Transcrip-
tion level of the c-myc transgene is
identical in B-cell lymphomas from wt
and 30RR-deﬁcient mice, suggesting
that the 30RR does not directly regulate
the expression of the oncogene bring
under the control of the Igl
enhancers.7
Two main models are suggested to
explain the heterogeneity of B-cell
malignancies: the various tumor sub-
types may arise from different muta-
tions within the same target B-cell or
from the same mutation occurring dur-
ing different stages of B-cell differentia-
tion. Although these models are not
mutually exclusive, our results reinforce
the second hypothesis that the same ini-
tial oncogenic event occurring in B-cells
with different maturity degree can lead
to different B-lymphoma subtypes.
Indeed, while wt and 30RR deﬁcient
mice bear the same “mini-locus trans-
location” (i.e. c-myc under the transcrip-
tional control of Igl enhancers), they
develop different tumor subtypes. The
only difference that could explain this
variation is the slightly altered B-cell
maturation and the abolition of CSR
and SHM in 30RR-deﬁcient mice. B-
cells from both genetic backgrounds
over express the myc oncogene, but
need to accumulate secondary muta-
tions to develop B-cell lymphomas
(Fig. 1). Secondary mutations princi-
pally occur during the different genetic
events that punctuate B-cell ontology.
In wt B-cells, these oncogenic events
can occur either during early step of
maturation (i.e., during V(D)J recombi-
nation) or during the later stages (i.e.
during CSR or SHM). CSR and SHM
are abrogated in 30RR-deﬁcient mice,1,2
lowering the probability of oncogenic
mutations during these later stages of
B-cell maturation, hence their increased
frequency of immature B-cell lympho-
mas as compared with wt mice.
Taken together (Fig. 1), our results
conﬁrm the importance of considering
both the cell of origin and the genetic
alterations to determine the B-cell lym-
phoma phenotype and its behavior.
Indeed, B-cells bearing the same initial
oncogenic events can lead to different
B-cell lymphoma subtypes if their
development is impaired, while different
mutations occurring in the same cell of
origin can induce similar tumors.4 In
this context, we also show that the
30RR can affect the phenotype of B-cell
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lymphomas due to oncogene transloca-
tion in other loci than the IgH one, by
acting on B-cell maturation and regulat-
ing potentially oncogenic recombination
and mutations during late B-cell
differentiation.
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Figure 1. Schematic hypothesis on the implication of the 30RR in the development of B-cell lym-
phomas induced by oncogene translocation in IgL locus. While not directly impacting the expres-
sion of the translocated oncogene, the absence of the 30RR modiﬁes B-cell lymphoma phenotypes
by impairing the later steps of B-cell ontology.
























La 3’RR est le principal élément régulateur de la CRS vers γ, ε et α ������������������������
����������������������� ��������������������������������� ������������������ �����������������
déterminer si la 3’RR est impliquée dans cette CSR. Après amplification (par PCR) puis 
clonage et séquençage, il a été montré l’existence d’une CSR de µ vers δ dans les ganglions 
���������������������������������� �����ci utilise Sµ et une petite région acceptrice σδ présente 
devant Cδ pour se réaliser. Curieusement cette CSR vers δ est amplifiée en absence de la 3’RR. 
L’hypothèse est que le bl������������total de la CSR vers γ, ε et α démasque celle vers δ. �
� �
�����������������������������������������������������������������������������������
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After functional V(D)J recombination, bone mar-
row immature B cells express a BCR made up of 
surface IgM. In secondary lymphoid organs, ma-
ture B cells simultaneously express surface IgD 
of the same speciicity as surface IgM through 
alternative splicing of a pre-mRNA composed 
of V(D)J and both C� and C� heavy chain con-
stant exons (Moore et al., 1981; Preud’homme 
et al., 2000; Chen and Cerutti, 2010). After en-
countering antigen, in adequate lymphoid tissue 
structures providing accessory signals (direct in-
teractions with T cells and follicular dendritic 
cells and binding of cytokines secreted by such 
cells), activated B cells undergo classical class-
switch recombination (cCSR) and substitute the 
C� gene with C�, C�, or C�, thereby generat-
ing secondary IgG, IgA, and IgE BCR and anti-
body classes with the same antigenic speciicity 
but new efector functions. This recombina-
tion targets speciic stretches of repetitive DNA 
(S regions) preceding C� and all C�, C�, and 
C� genes and requires the DNA-editing en-
zyme activation-induced deaminase (AID; Pavri 
and Nussenzweig, 2011). Transcription and, to 
an even higher extent, accessibility of the IgH 
locus S regions to cCSR is under the control of 
the IgH 3� regulatory region (3�RR), located 
downstream of C�, and encompassing the four 
transcriptional enhancers hs3a, hs1,2, hs3b, and 
hs4 (Vincent-Fabert et al., 2010a; Pinaud et al.,
2011). Genomic disruption or complete dele-
tion of the 3�RR in the mouse abrogates cCSR 
to all IgG, IgA, and IgE classes (Vincent-Fabert 
et al., 2010a,b; Pinaud et al., 2011). Recently 
the 3�RR was also reported to be transcribed 
and itself undergo AID-mediated mutation and 
recombination around phylogenetically con-
served switch-like DNA repeats, highlighting 
its close functional partnership with AID (Péron 
et al., 2012).
Despite the absence of a repetitive S region 
upstream of C� and similar to class switching from 
IgM to IgG, IgA, and IgE, some CD38+ human 
B cells from tonsils carry an IgH locus switched to 
IgD expression after an AID-mediated deletion 
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Elucidation of the enigmatic IgD  
class-switch recombination via germline 
deletion of the IgH 3� regulatory region
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Classical class-switch recombination (cCSR) substitutes the C� gene with C�, C�, or C�, 
thereby generating IgG, IgE, or IgA classes, respectively. This activation-induced deaminase 
(AID)–driven process is controlled by the IgH 3� regulatory region (3�RR). Regulation of rare 
IgD CSR events has been enigmatic. We show that ��CSR occurs in mouse mesenteric lymph 
node (MLN) B cells and is AID-dependent. AID attacks differ from those in cCSR because they 
are not accompanied by extensive somatic hypermutation (SHM) of targeted regions and 
because repaired junctions exhibit features of the alternative end-joining (A-EJ) pathway.  
In contrast to cCSR and SHM, ��CSR is 3�RR-independent, as its absence affects neither break-
point locations in S�- and S�-like (��) nor mutation patterns at S�-�� junctions. Although 
mutations occur in the immediate proximity of the �� junctions, SHM is absent distal to the 
junctions within both S� and rearranged VDJ regions. In conclusion, ��CSR is active in MLNs, 
occurs independently of 3�RR-driven assembly, and is even dramatically increased in 3�RR-
deicient mice, further showing that its regulation differs from cCSR.
© 2014 Rouaud et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the irst six months after 
the publication date (see http://www.rupress.org/terms). After six months it is 
available under a Creative Commons License (Attribution–Noncommercial–Share 
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Molecular features of ��CSR junction sequences
The locations of S�-�� breaks in S� and �� for wt mice and 
3�RR-deicient animals are reported in Fig. 2 D. Among S�-�� 
junctions in wt mice (Fig. 2 C and Table S1), 13/21 (61.9%) 
showed 1–8-bp-long junctional microhomology. Complex 
junctions were also frequent (6/21, 28.6%). Similarly to wt
mice, junctions with short nucleotide insertions and complex 
junctions were found in 3�RR-deicient mice. Junctions with 
microhomologies 1–8 bp long represented 45.7% (16/35) of 
junctions (Fig. 2 C and Table S1). Complex junctions repre-
sented 31.4% (11/35) of junctions. Direct S�-�� joining was 
slightly increased in 3�RR-deicient mice (7/35, 20%) as 
compared with wt mice (2/21, 9.2%). To compare ��CSR 
junctions cloned from MLN cells from wt mice with cCSR 
junctions, splenocytes from wt mice were stimulated with LPS 
or LPS + IL4 to generate C�-C�3 and C�-C�1 cCSR, respec-
tively (Vincent-Fabert et al., 2009). Sequences of S�-C�3 and 
S�-C�1 junctions resulting from S� to S�3 and S�1 cCSR were 
reported in Fig. 2 C and Table S1. Features of S�-S� CSR junc-
tions (i.e., relative frequencies of direct joints, microhomolo-
gies, insertions, and complex junctions) were similar to those 
classically reported (Stavnezer et al., 2010). Sequences from 
S�-�� junctions of wt mice showed strikingly diferent features 
in that they more rarely exhibited a direct joining (2/21, 9.5%) 
of C� (Arpin et al., 1998; Brandtzaeg and Johansen, 2005; 
Johansen et al., 2005; Chen et al., 2009). Secreted IgD origi-
nating from such cells with CSR from C� to C� (��CSR) 
enhances immune surveillance and can exert proinlamma-
tory and antimicrobial efects (Chen et al., 2009). Although 
there is no canonical switch region 5� to the C� gene in mam-
mals (Preud’homme et al., 2000; Chen and Cerutti, 2010), 
rudimentary S�-like (��) sequences have been described at 
C�-C� junctions but CSR from � to � stands as a rare event 
whose regulation is obscure (Chen and Cerutti, 2010). To ex-
plore the role of the 3�RR on such C�-C� recombinations, in 
the context of the endogenous locus, we analyzed IgH 3�RR-
deicient mice lacking the 30-kb extent of the 3�RR, a dele-
tion which we previously characterized as inducing a severe 
cCSR defect toward IgG, IgA, and IgE (Vincent-Fabert et al., 
2010b), a severe somatic hypermutation (SHM) defect (Rouaud 
et al., 2013) but with normal V(D)J recombination (Rouaud 
et al., 2012).
RESULTS
IgD secretion in mice occurs at low levels and is poorly under-
stood. Germline transcription of I�-C� enrolls the S� regions 
as a substrate for DNA modiication by the cCSR machinery 
including AID (Chen and Cerutti, 2010). I�-C� transcripts can 
originate either from alternate splicing of a pre-mRNA encom-
passing C� and C� exons or from primary C� transcripts after 
��CSR. Fig. 1 schematizes these processes and locates PCR 
primers and probes used in this study.
��CSR occurs in normal mesenteric LNs (MLNs)  
of wt mice and 3�RR-deicient mice
��CSR is currently not documented in mice (Chen and 
Cerutti, 2010). Although little is known about the role of sol-
uble IgD in physiology, a well-known inlammatory disease 
in humans features high serum IgD levels and was thus called 
hyper-IgD syndrome, a disease also featuring enlargement 
of MLNs (Oretti et al., 2006). In a search for IgD+IgM� cells 
after ��CSR in wt mice, we thus focused our attention on 
MLN B cells. S regions consist of tandem repeats of short 
G-rich sequences. While readily showing S� repeats, dot plot 
analysis of the mouse DNA fragment encompassing the E�
enhancer to C� only revealed few DNA repeats upstream of 
C� in a short 0.5-kb-long region that was thereby named ��
(Preud’homme et al., 2000; Fig. 2 A). Using a nested PCR-
based strategy (location of primers in Fig. 1) followed by 
Southern blotting (location of the probe in Fig. 1) of PCR 
products, we were able to detect S�-�� junctions as a result 
of S� to �� CSR (Fig. 2 B). We deinitely authenticated S�-��
junctions by cloning them and analyzing their sequences 
(Fig. 2 C and Table S1). Because 3�RR-deicient mice are 
known to be almost completely defective for cCSR (Vincent-
Fabert et al., 2010b), we also checked them for ��CSR. To 
our surprise, Southern blotting of PCR product revealed the 
presence of S�-�� junctions as a result of S� to �� CSR (Fig. 2 B). 
These junctions were again authenticated by cloning and se-
quencing (Fig. 2 C and Table S1).
Figure 1. Two pathways for IgD synthesis. IgD can originate either 
from the alternate splicing of a pre-mRNA encompassing C� and C� exons 
(left) or from primary C� transcripts after ��CSR (right). CSR from S� to �� 
includes germline I�-C� and I�-C� transcripts and ��-S� switch circles. 
Arrows located primers used in the study. Numbers and letters refer to 
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are usually down-regulated by diferentiated plasma cells (Fig. 3,
B and C). IgD+IgM� B cells also lacked PNA and GL7 staining 
and thus difered from germinal center (GC) B cells (Fig. 3 C). 
In contrast to human IgD+IgM� B cells (Arpin et al., 1998; 
Chen et al., 2009), no bias for surface �-light chain was found 
(not depicted). Similarly to human IgD+IgM� B cells (Chen 
et al., 2009), mouse IgD+IgM� B cells expressed CD5, an acti-
vation-induced B cell molecule (Fig. 3, B and C), and had a low 
proliferation rate (Ki67 index of �50%; Fig. 3 C). IgD+IgM�
B cells were not detected in splenocytes, bone marrow B cells, 
and circulating B cells of wt mice (unpublished data). Flow cy-
tometry analysis indicated the presence of IgD+IgM� B cells in 
MLNs of 3�RR-deicient mice and that they accounted for 
�2% of total MLN cells (Fig. 3 A), i.e., a 10-fold increase as 
compared with wt mice. Increased IgD switching was also con-
irmed after Southern blotting of S�-�� junctions (Fig. 2 B). 
Besides their increased abundance, IgD+IgM� B cells from 
3�RR-deicient animals qualitatively difered from those in wt
mice by showing a lower expression of the B cell surface mark-
ers B220, CD19, CD21, and CD23 (Fig. 3, B and C), although 
than either S�-S�1 (12/46, 26.1%) or S�-S�3 (11/70, 15.9%) 
junctional sequences. Apart from that, the location of S� breaks 
was similar in C�-C�, C�-C�1, and C�-C�3 junctions (Fig. 2 D). 
Finally, the cloned �� breaks were mostly located in the 3� part 
of the �� region similar to breaks in the downstream part of 
S�1 and S�3 for cCSR junctions (Fig. 2 D). The increased 
representation of DNA breaks in the 5� part of S� and the 
3� part of �� or S� might involve a methodological bias whereby 
PCR cloning of the shortest recombined DNA segment would 
be favored.
Identical phenotype of IgD+IgM� B cells  
in 3�RR-deicient and wt mice
Flow cytometry analysis indicated that IgD+IgM� B cells ac-
counted for only �0.2% of total MLN cells in wt mice (Fig. 3 A). 
Consistent with published human data (Chen et al., 2009), a low 
percentage of IgD+IgM� B cells expressed CD138 (syndecan-1), 
a hallmark of mature plasma cells (Fig. 3, B and C). Further-
more, the vast majority of IgD+IgM� B cells did not express 
surface B220, CD11b, CD19, CD21, and CD23 markers which 
Figure 2. MLN B cells undergo ��CSR. (A) DNA dot plot 
analysis of the genomic sequence encompassing a fragment 
from the E� enhancer to the � exon 2 from a 129 wt mouse 
(GenBank accession no. AJ851868.3). The sequence was com-
pared with itself and dots off the diagonal represent repetitive 
patterns within the sequence. Sµ and �� regions are indicated. 
(B) Southern blot analysis of S�-C� junctions ampliied by PCR 
and hybridized with a 5�C� probe from MLN B cells of 3�RR-
deicient mice and wt mice. 100 and 20 ng DNA were used for 
PCR experiments. Data are representative of 6 independent ex-
periments with 1 mouse per group. (C) �� junctions obtained 
from wt mice (data are pooled from 13 independent experiments 
with 1 mouse per experiment) and 3�RR-deicient mice (data are 
pooled from 10 independent experiments with 1 mouse per 
experiment) were cloned and sequenced. Percentages of junc-
tions with insertion and junctional microhomology are reported. 
��1 and ��3 junctions from wt mice (data are pooled from  
6 independent experiments with 1 mouse per experiment) ob-
tained after in vitro LPS ± IL4 stimulation of splenocytes are 
reported. The sequenced junctions depicted from all the mice 
combined. (D) Location of S�-�� breaks in 13 wt and 10 3�RR-
deicient mice and S�-S�1 and S�-S�3 breaks during in vitro cCSR 
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the presence of IgD+ B cells by immunostaining all along the 
mouse small intestine but, again, more noticeably in 3�RR-
deicient mice than in wt mice (Fig. 4 C).
��CSR has numerous characteristics of cCSR
To ensure whether the IgD+ phenotype is linked to ��CSR,
PCR analysis of ��CSR in sorted IgD+IgM� cells (from three 
mice) was performed in 3�RR-deicient mice (where these 
cells are more abundant and accessible to cell sorting). After 
cloning and sequencing we detected 11 diferent �� sequences 
among 22 analyzed sequences (i.e., 50%). No junctions were 
found with sorted IgD�IgM+ cells, reinforcing the hypothesis 
that the IgD+IgM� phenotype is linked to ��CSR. Real-time 
PCR analysis indicated a dramatic decrease (62%, P = 0.005, 
Mann-Whitney U test) of C� transcripts in sorted IgD+IgM� 
cells as compared with sorted IgD+IgM+ cells, reinforcing the 
hypothesis that the IgD+IgM� phenotype is linked to ��CSR 
they overwhelmingly (80%) expressed CD5 and poorly prolif-
erated (<40% were Ki67+) as for wt IgD+IgM� cells. Due to 
their low levels in MLNs, IgD+IgM� B cells did not show up 
in wt mice using immunohistochemistry but were detected 
in 3�RR-deicient mice. In agreement with their PNA� and 
GL7� status, IgD+IgM� cells were located in the marginal zone 
of GC (Fig. 4 A) and had a typical ovaloid-elongated plasma 
cell shape, medium to large size, and an abundant cytoplasm 
containing C� IgH chains (Fig. 4 A). In contrast to humans 
(Chen et al., 2009), and conirming results with wt mice, we did 
not ind any bias in the �+/�+ ratio when speciically studying 
those cells that express IgD in the absence of IgM expression 
(Fig. 4 B). Similarly to wt mice, such cells were not detected in 
blood, bone marrow, spleen, and Peyer’s patches of 3�RR-
deicent mice (unpublished data). A large fraction of B cells from 
the anti-mesenteric wall of the mouse small intestine displays 
an IgD+IgM� phenotype (Hamada et al., 2002). We conirmed 
Figure 3. IgD+IgM� B cell phenotype. (A) Flow 
cytometry analysis of IgM�IgD+ cells in MLN of wt 
mice and 3�RR-deicient mice. Cells were ixed and 
permeabilized before IgM and IgD staining. Cells were 
irst gated on IgM� cells and second on IgD+ cells 
highlighting the presence of IgM�IgD+ cells. Plots are 
representative of 6 independent experiments with  
1 mouse per group. (B) Cytometry analysis of CD19, 
CD5, CD138, and CD23/CD21 cell surface markers in 
IgD+IgM� cells from wt mice and 3�RR-deicient 
mice. Plots are representative of 6 independent ex-
periments with 1 mouse per group. (C) Percentage of 
mouse IgD+IgM� cells expressing CD19, CD5, Ki67, 
CD138, GL7/B220, PNA/Fas, CD11b, and CD21/CD23 
in wt and 3�RR-deicient mice. Data are the mean ± 
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with other reverse PCR primers (location in Fig. 1) corre-
sponding to C� and a region between C� and I�3. Using these 
primers, we were unable to detect any �� junctions (out of 200 
independent junk sequences analyzed) in MLN DNA of four 
3�RR-deicient mice with detectable ��CSR, demonstrating 
that the joining between S� and �� represents a speciic recom-
bination event. Using a PCR ampliication (location of prim-
ers in Fig. 1), followed by Southern blotting (location of the 
probe in Fig. 1), we identiied extrachromosomal ��-S� circles 
in MLN B cells of 3�RR-deicient mice (Fig. 5 B), indicating 
ongoing ��CSR and a looping-out and deletion mechanism 
analogous to cCSR (in conditions where ongoing ��CSR was 
not detectable in MLN DNA from wt mice). The identity of 
the PCR product was conirmed by sequencing (location of 
primers in Fig. 1; not depicted). The hallmark of cCSR is its 
dependence on AID for DSBs formation in S regions. Ligation-
mediated PCR (LM-PCR) highlighted the presence of DSBs 
in �� in wt mice and 3�RR-deicient mice but not in AID-
deicient mice (Fig. 5 C). Using the same experimental strat-
egy as for wt and 3�RR-deicient mice, we were unable to 
detect any S�-�� junction in genomic DNA from MLNs of 
AID-deicient mice by Southern blotting of PCR products 
designed to amplify such junctions (Fig. 5 D). Despite the lack 
of signiicant hybridization, we further tried to clone potential 
junctions from AID-deicient mice (by the same protocol as for 
wt mice) and failed to identify any (out of 288 independent 
junk sequences analyzed) indicating that ��CSR in mice re-
quires AID as previously suggested by analyses in human AID-
deicient patients (Arpin et al., 1998; Chen et al., 2009). Finally, 
an I�-C� transcript was previously identiied in human (Chen 
et al., 2009). Real-time PCR analysis conirmed its presence 
not only in IgD+IgM+ (where it can originate from alternate 
splicing of a pre-mRNA encompassing C� and C� exons) but 
also in IgD+IgM� where it is the relect of the post-IgD CSR 
transcription (Fig. 5 E).
Mutations in IgD+IgM� cells
Interactions with cognate antigens recruit activated B cells 
into GC and can induce AID-mediated modiications. These 
include SHM in V(D)J exons for the generation of high-ainity 
antibodies and cCSR (Henderson and Calame, 1998; Durandy, 
2003; Hackney et al., 2009). cCSR and SHM are linked to 
transcription, dependent from some common actors, and 
both blocked by AID deiciency. SHM can also be considered 
as the usual mark for antigen-experienced B cells having par-
ticipated to a GC reaction (Chan and Brink, 2012). We puri-
ied IgD+IgM� cells from 3�RR-deicient mice (where these 
cells are more abundant and accessible to cell sorting) to eval-
uate V�J� SHM and identify them as pre- or post-GC B cells. 
To stimulate SHM, mice were immunized both orally with 
sheep red blood cells and intraperitoneally with LPS (i.e., in 
conditions known to yield in vivo activated spleen and Peyer’s 
patches B cells with V�J� SHM both in wt and 3�RR-deicient 
mice; Péron et al., 2012; Rouaud et al., 2013). Rearranged 
IgH VDJ and V�J� regions from MLN IgD+IgM� cells of 
3�RR-deicient mice were cloned and sequenced. No SHM 
(Fig. 5 A). During CSR, there are abundant double-strand 
breaks (DSBs) in S�. A fraction of these DSBs may be joined to 
rare DSBs in other parts of the genome, especially within lank-
ing regions on the same chromosome. To demonstrate a speciic 
association of �� with ��CSR, PCR analysis was performed 
Figure 4. Immunohistochemistry analysis of IgD+IgM� cells. (A) MLN 
tissue of 3�RR-deicient mice stained for IgM (red), IgD (green), and B220 
(blue). Images are representative of 4 independent experiments with 1 mouse 
per experiment. Bars: (10×) 100 µm; (63×) 10 µm. (B) MLN tissue stained 
for IgD (green), � light chain (red), and � light chain (red) in 3�RR-deicient 
mice. Images are representative of 4 independent experiments with 1 mouse 
per experiment. Bars: (10×) 100 µm; (63×) 10 µm. (C) Intestine tissue stained 
for IgD (green) and IgM (red) in 3�RR-deicient mice and wt animals. Images 
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compared with IgG3 and IgG1 cCSR, respectively. The num-
bers of mutations at �� breakpoints and 3� to �� breakpoints 
were also much lower than in target S� region of cCSR (a de-
crease of 89 and 86% of those found in S�1 and S�3, respec-
tively; Fig. 6, A and B). Thus, not only the S� donor region but 
also the �� acceptor region implicated in ��CSR exhibited 
lower AID-induced mutations than S�, S�1, and S�3 during 
IgG1 and IgG3 cCSR. Interestingly, the pattern of mutations 
at S�-�� junctions, 5� to S�, and 3� to �� was similar in wt mice 
and 3�RR-deicient animals (Fig. 6 B), showing that the ab-
sence of the 3�RR did not afect the AID-targeting at the 
S� donor and �� acceptor regions during ��CSR.
DISCUSSION
cCSR is a very complex process during which accessibility to 
recombination is regulated by both cis-acting factors (such as 
germline I promoters and 3�RR enhancers) and trans-acting 
factors (most of which are induced by cytokine-dependent sig-
nals and/or B cell activation; Stavnezer et al., 2010; Boboila et al., 
2012). Analysis of DNA sequence at or around the recombina-
tion sites has helped us to understand the mechanisms irst gen-
erating DSBs after targeting of S regions by AID and then 
allowing synapsis and repair of chromosomal breaks mostly 
through a classical nonhomologous end joining (C-NHEJ) path-
way or to a lower extend through the alternative end-joining 
(A-EJ) pathway (Yan et al., 2007; Boboila et al., 2012). Although 
various disruptions of the 3�RR partially compromised cCSR 
(Cogné et al., 1994; Manis et al., 1998; Pinaud et al., 2001; 
Vincent-Fabert et al., 2009; Bébin et al., 2010), its complete 
could be documented out of 90 VDJ sequences analyzed 
(3 mutations among 68,582 bp analyzed, 0.0044%) and 58 �
sequences analyzed (7 mutations among 36,134 bp analyzed, 
0.0194%). Although the absence of SHM in VDJ rearranged 
region was expected in 3�RR-deicient mice recently dem-
onstrated with and IgH locus-speciic SHM defect (Rouaud 
et al., 2013), the lack of SHM in the � light chain locus clearly 
indicate that those B cells with ��CSR have not undergone 
conventional antigen-driven maturation as usually occurring 
into GC. By comparison, 3�RR-deicient animals recently 
analyzed after the same immunization protocol showed a >70-
fold higher (1.39%) SHM rate in V�J� segment from Peyer’s 
patches GC B cells (Rouaud et al., 2013). The lack of muta-
tion in VDJ segments itted well with their PNA�GL7� status 
and their localization in the marginal zone of GC. Contrast-
ing with mice, human IgD+IgM� had extensive SHM in their 
IgV genes that indicated their clonal relatedness (Arpin et al., 
1998). Mouse IgD+IgM� had no SHM in their IgV genes and 
the use of a JH4 probe on Southern blots from IgD
+IgM� cell 
DNA revealed no rearranged bands in addition to the germ-
line band indicating no potential clonal relatedness (unpub-
lished data). We inally analyzed mutations during ��CSR 
in wt mice as compared with cCSR to ind if intensity of AID 
attack is similar between them. The mutation frequency at 
S� breakpoints and 5� to S� breakpoints were lower in ��CSR 
than in IgG1 and IgG3 cCSR (although the latter control was 
chosen using in vitro conditions poorly inducing SHM; Fig. 6,
A and B). A decrease of 25 and 52% in the frequency of mu-
tations in the S� donor region was found during ��CSR as 
Figure 5. ��CSR in 3�RR-deicient mice. (A) Real-time 
PCR analysis of membrane C� transcripts in sorted IgD+IgM+ 
and IgD+IgM� cells from 3�RR-deicient mice. Data are the 
mean ± SEM of 7 independent experiments with 1 mouse 
and 8 independent experiments with 1 mouse for IgD+IgM+ 
and IgD+IgM� cells, respectively. *, P < 0.01 (Mann-Whitney 
U test). (B) Southern blot analysis of ��-S� switch circles 
ampliied by PCR and hybridized with a C�-labeled probe 
from MLN B cells of 3�RR-deicient and wt mice. Results 
from four mice (lines 1–4) in each group are reported. Data 
are representative of 6 independent experiments with  
1 mouse per group. (C) LM-PCR. Genomic DNA from wt, 
3�RR-deicient, and AID-deicient mice were left untreated 
or treated with T4 DNA polymerase (T4 Pol), ligated with  
T4 DNA ligase and probed for double-stranded breaks in �� 
after by semi-nested PCR. Reactions with 100 and 20 ng 
DNA are shown. Data are representative of 6 independent 
experiments each with 1 mouse per genotype. (D) Southern 
blot analysis of S�-C� junctions ampliied by PCR and hybrid-
ized with a 5�C� probe from MLN B cells of wt mice and AID-
deicient mice. 100 and 20 ng DNA were used for PCR 
experiments. Data are representative of 6 independent ex-
periments with 1 mouse per group. (E) Real-time PCR analy-
sis of I�-C� transcript in sorted IgD+IgM+ and IgD+IgM� cells 
from 3�RR-deicient mice. Data are of the mean ± SEM of  
6 independent experiments with 1 mouse and 8 independent 
experiments with 1 mouse for IgD+IgM+ and IgD+IgM� cells, 
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despite the lack of canonical S� region, CSR from � to � oc-
curs in MLNs from wt mice. Sequences of ��CSR junctions 
reveal a lower percentage of direct end junctions in ��CSR 
than in cCSR together with a higher percentage of junctions 
with either microhomologies between recombined ends or 
showing insertions of various lengths at the recombination site. 
Notably, this pattern is strongly reminiscent of the junctions 
afected by the A-EJ pathway and previously reported during 
cCSR in B cells lacking key components of the C-NHEJ path-
way, its main characteristic being a dramatic reduction of CSR 
direct joints and frequent junctions with microhomologies and 
insertions (Yan et al., 2007). Although the A-EJ pathway has 
only recently been shown to contribute to cCSR, it has been 
shown that in the absence of C-NHEJ, cCSR can be per-
formed by A-EJ at up to 50% of wt levels (Yan et al., 2007).
Notably, the same A-EJ–based pattern of junctions is also ob-
served when referring to a few mouse IgD-secreting hybrid-
omas documented in the past (Owens et al., 1991).
Similarly to cCSR, the absence of ��CSR in AID-deicient 
mice conirms it also requires AID. The hallmark of CSR is 
its dependence on AID for DSBs formation in S regions. 
LM-PCR experiments found the presence of DSBs in �� in wt
mice and 3�RR-deicient mice but not in AID-deicient mice.
��CSR is also AID-dependent in human (Chen et al., 2009). 
However, this does not imply that all IgD-producing plasma 
cells have undergone ��CSR. Indeed, serum IgD persists and 
is even augmented in some AID-deicient patients, probably as 
a result of the activation of an alternative pathway involving the 
emergence of plasma cells that produce both IgM and IgD via 
alternative splicing, particularly at mucosal sites (Chen et al., 
2009). Our data indicated that during ��CSR the S� and (still 
more clearly) the �� acceptor region are less actively targeted 
by AID than S�, S�1, and S�3 during IgG1 and IgG3 cCSR. This 
suggests, aside from diferences in junction diversity, that 
��CSR is regulated diferently from cCSR. Individual S re-
gions range in size from 10 kb for S�1 (IgG1 being the most 
abundant Ig class) to 2.5 kb for S�3 and to only 1 kb for S�. 
Studies pointed the S region size as an important factor in de-
termining endogenous cCSR eiciency because cCSR fre-
quencies correlated with S region length (Zarrin et al., 2005). 
The very low level of ��CSR in wt mice may be linked to the 
short length (0.5 kb) of the �� region and to a less active target-
ing by AID than S�1 and S�3 during cCSR.
An intronic (I) exon is positioned upstream of each CH
gene except C� both in mice and humans. IH-CH germinal 
transcripts render SH regions substrate for DNA modiica-
tions by the CSR machinery, including AID. As previously 
identiied in humans (Chen et al., 2009), an I�-C� transcript 
is identiied in mice. This I�-C� transcript is of importance to 
render both S� and �� regions substrate for DNA modii-
cations, especially because no I� exon is documented in the 
mouse and the human IgH locus. In contrast to mice and hu-
mans, an I� exon has been recently reported in the bovine 
IgH locus (Xu et al., 2012). This I� exon derives from the re-
cent duplication of an I�-C�1 genomic fragment (Zhao et al., 
2002). Of interest, the bovine � gene can be expressed by 
deletion has clariied its mandatory role for cCSR toward IgG, 
IgA, and IgE isotypes (Vincent-Fabert et al., 2010b) as well as 
for SHM in rearranged VDJ exons (Rouaud et al., 2013).
Phylogenetic studies indicate that IgD is as ancient as IgM 
but, in contrast to IgM, IgD is evolutionarily labile showing, 
for instance, many duplications/deletions of domains and 
splice forms (Ohta and Flajnik, 2006; Rauta et al., 2012). Due 
to the lack of an authentic S� region, B cells exclusively ex-
pressing IgD are extremely rare in humans and almost absent 
in mice (Owens et al., 1991). Our study clearly shows that 
Figure 6. Mutation in S� and �� during ��CSR. Mutation fre-
quency in the donor region (S�) and the acceptor region (��, S�1, or S�3) 
during ��CSR and cCSR. (A) Mutation frequency per mutated bp. 46 S�-C�1, 
69 S�-C�3, and 21 S�-C� junctions from wt mice were investigated. S�-C�1 
and S�-C�3 junctions were obtained after in vitro stimulation of spleno-
cytes from wt mice (data are pooled from 6 independent experiments 
with 1 mouse). S�-C� junctions were obtained after genomic extraction  
of MLN from wt mice (data are pooled from 13 independent experiments 
with 1 mouse). (B) Number of mutation in each S acceptor and S donor 
regions. 35 S�-C� junctions were obtained after genomic extraction of 
MLN from 3�RR-deicient mice (data are pooled from 10 independent 





982 Regulation of ��CSR | Rouaud et al.
and their lack of SHM in the VDJ segment might be suggestive 
of T cell–independent non-GC origin for cells with ��CSR,
as previously documented in physiology for some mucosa-
associated lymphoid tissue B cells undergoing T cell–independent 
IgA CSR (Bergqvist et al., 2010). In addition, cCSR in the ab-
sence of SHM was reported in some cases of chronic lympho-
cytic leukemia B cells (Oppezzo et al., 2003) upon N-terminal 
mutation of AID (Shinkura et al., 2004) and, recently, in Ung�/� 
mice during an acute antigenic challenge (Zahn et al., 2013). 
Our data with ��CSR further indicates that AID can be re-
cruited to the IgH locus under various diferent forms, eventu-
ally associated with some diferent partners to mediate either 
cCSR and VDJ SHM (both processes requiring the 3�RR), or 
in the present case ��CSR (where the 3�RR is at least super-
luous; Ronai et al., 2007). According to the concept that such 
IgD-only cells may locally participate in immune surveillance 
against pathogens present at mucosal sites, their increase in 
3�RR-deicient mice with an IgA production defect might be 
a compensatory mechanism as previously suggested in IgA-
deicient patients (Brandtzaeg and Johansen, 2005).
IgD+IgM� B cells in mice exhibited numerous similarities 
with human ones. Consistent with published human data (Chen 
et al., 2009), they were CD138�, expressed the activation-
induced (or B1 compartment-related) molecule CD5, and down-
regulated several B cell–speciic markers usually down-regulated 
by diferentiated plasma cells. Whether human IgD+IgM� 
cells show a strong bias toward the preferential expression of 
the �-light chains (Arpin et al., 1998; Chen et al., 2009), it is 
not the case in mice, a result which might be linked to the 
�+/�+ ratio, globally reported in mouse B cells around 95/5 
(Arakawa et al., 1996). Whether human IgD+IgM� cells are re-
ported to have undergone extensive SHM and display clonal 
relatedness (Arpin et al., 1998), mice IgD+IgM� cells are unmu-
tated in their VDJ regions with no evident sign of clonality. 
These latter results are in accordance with their localization in 
the marginal zone of GC, a region with cells not submitted to 
an intensive SHM process or exhibiting a high rate of prolif-
eration (mice IgD+IgM� cells had a low Ki67 index).
In conclusion, IgD CSR occurs in B cells of MLNs of wt
mice. There is extensive somatic mutation of the IgH V region 
in human IgD+ cells (Arpin et al., 1998) but not in mouse. The 
efects of physiological location of switching cells might explain 
this diference as well as the structural diferences in mouse and 
human 3� RR. The molecular features of S�-�� junctions sug-
gest a predominant involvement of the A-EJ pathway in this 
process. In contrast to IgG, IgA, and IgE classes, IgD CSR occurs 
independently of the IgH 3�RR and now stands as an amazing 
exception contrasting with all the other AID-dependent modi-
ications of the IgH locus previously shown to formally involve 
the 3�RR in mouse B cells.
MATERIALS AND METHODS
Mice. Generation of 3�RR-deicient mice has been previously reported 
(Vincent-Fabert et al., 2010b). wt mice and 3�RR-deicient mice were 8–12 wk 
old except when speciied. Mice were bred and maintained under speciic 
pathogen-free conditions. Mice immunizations were done orally with sheep 
red blood cells for 2 wk and intraperitoneally with 10 µg LPS for 3 d.
CSR; analysis of S�-S� junctions demonstrated, as in mice, a 
preference for using the microhomology-based end-joining 
pathway (Xu et al., 2012). After ��CSR, I�-C� transcripts are 
still detected and are the relection of the post-IgD CSR 
transcription and not simply a germinal transcript of impor-
tance to render both S� and �� regions substrate to CSR-
induced DNA modiications.
The 3�RR is mandatory for cCSR toward IgG, IgA, and 
IgE isotypes (Vincent-Fabert et al., 2010b). This is obviously 
not the case for IgD. Patients with hyper-IgM syndromes have 
higher ��CSR that may stand as a compensatory response due 
to the absence of other switched isotypes (Chen and Cerutti, 
2010). It appears that deletion of the 3�RR, most probably 
through a compensatory response due to the absence of other 
switched isotypes, enhances IgD CSR without widely impact-
ing the patterns of S�-�� junctions. Thus, AID-induced ��CSR 
occurs independently of the IgH 3�RR, a result that mark-
edly contrasts with S�-S�, S�-S�, and S�-S� cCSR. The lower 
AID-induced mutations both in S� and �� region during 
��CSR (as compared with those in S�, S�1, and S�3 during 
S�-S�1 and S�-S�3 cCSR) suggest that AID might be recruited 
to the IgH locus by diferent means than cCSR.This result par-
tially its with recent data showing, in addition to cCSR, that 
the 3�RR is also a key element for AID recruitment during 
AID-induced SHM both in VDJ-expressed sequences and 
S� (Rouaud et al., 2013). The analysis of SHM in VDJ expressed 
sequences of 3�RR-deicient B cells that have undergone 
��CSR conirms that the 3�RR is essential to the SHM pro-
cess on V(D)J exons and that a physiological dissociation exists 
between SHM and CSR in primary B cells of 3�RR-deicient 
mice as in T cell–independent responses (Phan et al., 2005).
CSR to IgD is obviously a rare event and we now show 
that it occurs independently of the IgH 3�RR. It might be of 
interest to notice that in this special case, and in contrast to 
SHM of VDJ and of S� regions during cCSR, the rate of muta-
tions afecting the target regions of ��CSR is not afected by 
the 3�RR deletion. This observation, together with the unique 
location of IgD switching only in the mucosa-associated lym-
phoid tissue, argues for a speciic regulation of this event, allow-
ing AID recruitment to the IgH locus in a 3�RR-independent 
manner and in response to stimuli that remains to be deter-
mined. Transcription being required for AID targeting, the 
simultaneous accessibility of S� and �� to AID likely needs 
constitutive I�-C� transcription (encompassing both S� to ��).
However, because I�-C� transcription is common in all naive 
B cells and during their initial entry into GC, it is obviously not 
suicient by itself for inducing accessibility to ��CSR and an-
other stimulus uniquely occurring into mouse MLNs and into 
human tonsils likely allows the 3�RR-independent recruit-
ment of AID on the IgH locus in some B cells. Until now, our 
knowledge concerning ��CSR in mice only derived from stud-
ies of myeloma and hybridoma cell lines (Owens et al., 1991; 
Preud’homme et al., 2000). 3�RR-deicient mice give us the 
irst opportunity to investigate it in primary B cells.
Location of IgD+IgM� cells in the marginal zone, but not 
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of the JH4 segment using 1 cycle (98°C for 30 s), 33 cycles (98°C for 10 s, 
67°C for 30 s, and 72°C for 90 s), and 1 cycle (72°C for 10 min). Ig� light 
chain VJ-rearranged fragments were ampliied by PCR as previously reported 
(Rouaud et al., 2013) using the following primers and multistep programs: 
primer 12, 5�-GGCTGCAGSTTCAGTGGCAGTGGRTCWGGRAC-3�
(consensus for V�) and primer 13, 5�-AGCGAATTCAACTTAGGAGA-
CAAAAGAGAGAAC-3� (found 557 bp downstream of the J�5 segment) 
using 1 cycle at 98°C for 30s, 33 cycles (98°C for 10 s, 66°C for 30 s and 
72°C for 90 s), and 1 cycle at 72°C for 10 min. PCR products were cloned 
and sequenced as described (Fiancette et al., 2011).
Immunohistochemistry. Frozen 8-µm sections were thawed at room tem-
perature and dried before being hydrated in PBS. Slides were ixed with cold 
acetone for 20 min at �20°C, dried for 10 min, and incubated with PBS 
BSA 3% for 45 min. Rat anti–mouse APC-CD45R (BD; clone RA3-6B2, 
560472), rat anti–mouse Alexa Fluor 488–IgD (BioLegend; clone 11-26c-2a, 
405718), and rat anti–mouse PE-IgM (eBioscience; clone II/41, 17–5790-82) 
were used at 1:50 for 1 h at 37°C in PBS BSA 0.3%. Goat anti–mouse �
(Beckman Coulter; 731871) or anti–mouse � (SouthernBiotech; 1060–01) 
was used at 1:100 and revealed with a DyLight 594 rabbit anti–goat IgG 
(Thermo Fisher Scientiic; 072–09-13-06) used at 1:250. Slides were mounted 
with moviol medium.
Real-time PCR analysis of membrane C� and I�-C� transcripts. Total 
RNA was prepared from freshly isolated IgD+IgM� and IgD+IgM+ MLN B cell. 
Reverse transcription was performed with 500 ng of total RNA. RT-PCR 
experiments were done with SuperScript III reverse transcription (Invitrogen). 
Real-time PCR analysis (on an ABI Prism 7000 system; Applied Biosystems) 
was made with the Syber Green method using 10 ng cDNA using the fol-
lowing primer: I� primer 14, 5�-CTCTGGCCCTGCTTATTGTTG-3� and 
C� primer 15, 5�-GCTCCCAGCTGATTTTCAGT-3�; � membrane primer 
16 (in exon � 4), 5�-TGGAACTCCGGAGAGACCTA-3� and � membrane 
primer 17 (in exon � membrane 1), 5�-TTCCTCCTCAGCATTCACCT-3�. 
GAPDH was used for normalization of gene expression levels (TaqMan ref-
erence Mm99999915-g1).
Spleen cell cultures for CSR. Single-cell suspensions of spleen cells were 
cultured 3 d at 106 cells/ml in RPMI 1640 with 10% FCS and 20 µg/ml LPS, 
with or without addition of 20 ng/ml IL-4 (PeproTech). 3-d in vitro–stimulated 
splenocytes were harvested and DNA was extracted for investigation of S�-S�1
and S�-S�3 junctions (Vincent-Fabert et al., 2009).
LM-PCR. Genomic DNA from wt mice, 3�RR-deicient mice, and AID-
deicient mice was extracted and puriied using Phase Lock gel. 10 µg was 
treated with T4 DNA polymerase (New England Biolabs, Inc.), which trims 
back 3� overhangs while illing in 3�-recessed ends, thereby yielding blunt 
5�-phosphorylated DNA ends. 1 µg DNA was then ligated with T4 DNA ligase 
(New England Biolabs, Inc.) in a 20-µl reaction volume with the double-
strand anchor linker BW (Zan and Casali, 2008). DSBs were detected by 
semi-nested LM-PCR using BW1 primer targeting the BW linker sequence 
(5�-GCGGTGACCCGGGAGATCTGAATTC-3�) and primer 2, speciic 
to �� (5�-CCAATTACTAAACAGCCCAGGT-3�), using the following 
parameters: (1 cycle, 94°C for 30 s; 25 cycles, 94°C for 10 s, 55°C for 20 s, 
and 65°C for 2 min; and 1 cycle, 65°C for 7 min). DSBs were studied after 
hybridization with the same 32P-labeled probe as for Southern blotting of 
Cµ-C� junctions.
Clonality assay. Genomic DNA prepared from IgD+IgM� cells of 3�RR-
deicient mice was digested with EcoRI and analyzed by Southern blot with 
a 32P-labeled JH probe (Truinet et al., 2007).
Online supplemental material. Table S1 shows S�-��, S�-S�1, and 
S�-S�3 junctions.
This paper is dedicated to Michael S. Neuberger in memoriam.
We thank S. Desforges and B. Remerand for help with animal care.
Cell cytometry analysis. Single-cell suspensions from MLNs were ixed 
and permeabilized with the Intraprep permeabilization reagent (Beckman 
Coulter) before incubation with FITC-labeled IgD (SouthernBiotech) or 
irrelevant antibody and analyzed on a Fortessa LSR2 (BD; Truinet et al., 
2007; Vincent-Fabert et al., 2009). Phenotyping of IgD+IgM� cells were 
made with the following antibodies: v450-IgD, APC-IgM, FITC-B220, 
FITC-CD5, PE-CD11b, PE-CD19, PE-CD21, PC7-CD23, PE-CD138,
PE-GL7 and FITC-PNA, and PE-Fas and FITC-Ki67.
Dot plot analysis. Dot plot analysis of the mouse DNA fragment encom-
passing the 5� E� intronic enhancer and the C� exon 2 was done with the 
Nucleic Acid Dot Plot Program. Window size and mismatch limit were set to 
23 and 3, respectively.
Ampliication, cloning, and sequencing of S�-�� junctions. S�-��
junctions were studied using a touchdown PCR, followed by a nested PCR on 
fresh MLN cells using the following parameters. Touchdown PCR: primer 1,
5�-CAGTTGAGGCCAGCAGGT-3� and primer 2, 5-CCAATTACTA-
AACAGCCCAGGT-3� (1 cycle, 98°C for 3 min; 3 cycles, 98°C for 30 s, 
64°C for 40 s, and 72°C for 90 s; 3 cycles, 98°C for 30 s, 62°C for 40 s, and 
72°C for 90 s; 25 cycles, 98°C for 30 s, 60°C for 40 s, and 72°C for 90 s; and 
1 cycle, 72°C for 7 min). Nested PCR: primer 3, 5�-CAGGTCGGCTG-
GACTAACTC-3� and primer 4, 5�-CAGCCCAGGTTTATCTTTTCA-3�
(1 cycle, 98°C for 3 min; 35 cycles, 98°C for 30 s, 65°C for 40 s, and 72°C 
for 90 s; and 1 cycle, 72°C for 7 min). The PCR products were cloned into 
the Zero BluntTopo PCR cloning (Invitrogen). Plasmids were isolated using the 
NucleoSpin kit (Macherey-Nagel Eurl) and sequenced using an automated laser 
luorescent ANA ABI-PRISM sequencer (Perkin-Elmer; Fiancette et al., 2011). 
To demonstrate a speciic association of �� with ��CSR, nested PCR analysis 
was carry out with sense 1 and sense 3 primers and other reverse PCR primers 
corresponding to C� (primer 18, 5�-GTGGGACGAACACATTTACA-
TTGG-3� and primer 19, 5�-GTTCATCTCTGCGACAGCTG-3�) and a 
region between C� and I�3 (primer 20, 5�-GCTCATAGCCTCCTTAGGT-
TCC-3� and primer 21, 5�-GAGACTGTTCACTCTATCTTTACCAC-3�).
Ampliication, Southern blotting, and sequencing of ��CSR circles.
��CSR circles were ampliied by PCR using the following parameters: primer 6,
5�-GGACTCGTCACCAAATTCCA-3� (located at the beginning of ��) 
and primer 7, 5�-GAAGACATTTGGGAAGGACTGACT-3� (located in C�
exon 1; 1 cycle, 95°C for 2 min; 40 cycles, 95°C for 15 s, 55°C for 20 s, and 
72°C for 180 s; and 1 cycle, 72°C for 7 min). Hybridization of ��CSR circles 
was performed with a 240 bp probe (probe B) located in the C� exon1 (Péron 
et al., 2012). The C� exon1 probe was cloned as a PCR fragment according 
to the following parameters: primer 8, 5�-CGTTCGAAGAAGGCTTC-
CAAAGTC-3� and primer 9, 5�-TTATCGATGAGGACCAGAGAGGG-3�
(1 cycle, 94°C for 3 min; 30 cycles, 94°C for 30 s, 55°C for 30 s, and 72°C for 
30 s; and 1 cycle, 72°C for 7 min). The circle PCR products were cloned into 
the Zero Blunt Topo PCR cloning (Invitrogen) and sequenced with and ANA 
ABI-PRISM sequencer (Perkin-Elmer; Fiancette et al., 2011).
Southern blotting of C�-C� junctions. C�-C� junctions were studied 
after hybridization with a 32P-labeled probe (460 bp length, probe A). This C� 
probe was cloned as a PCR fragment located in-between primer 5 (5�-CCC-
AGAACCTGAGAAGGAAG-3�), located in the intron 5� of C� and primer 
4 (5�-CAGCCCAGGTTTATCTTTTCA-3�), located in C� exon 1 (1 cycle, 
94°C for 3 min; 30 cycles, 93°C for 45 s, 52°C for 45 s, and 72°C for 30 s; 
and 1 cycle, 72°C for 7 min).
DNA extraction and ampliication for SHM experiments. Genomic 
DNA was extracted from sorted B220+IgD+IgM� cells (85% of purity). IgH 
VDJ-rearranged fragments were ampliied by PCR using the following 
primers and multistep programs as previously reported (Rouaud et al., 2013):
primer 10, 5�-GCGAAGCTTARGCCTGGGRCTTCAGTGAAG-3�
complementary to the VHJ558 segment and primer 11, 5�-AGGCTCT-
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